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Abstract
In this thesis, we present a comparison of the evolution of the massive galaxies in the
7.8Gyr since redshift z=1 to the evolution predicted from galaxy formation models.
Observing the most massive galaxies in the Universe at high redshift is challenging
due to their red colours, owing to both their intrinsically red Spectral Energy Distributions
(SEDs) and their redshift. In Chapter 1, We produce a method using catalogue-level data
to produce matched aperture photometry for the SDSS and UKIDSS surveys in order to
extend the wavelength coverage of a sample of galaxies in order to improve the precision
with which models can be fitted to photometric data for these high redshift galaxies.
Our matched photometry has consistent colours with those of the full processing
of SDSS+UKIDSS images performed by the GAMA survey, and produces magnitudes
within ∼0.1 magnitudes of the GAMA photometry for all galaxies. This is reduced
to within 0.04 magnitudes when all blended sources are excluded. We compute stellar
masses by fitting aMaraston et al. (2009) LRGmodel to both our derived photometry and
that of the GAMA processing, and find that our photometry’s best fit stellar masses are
within ∼0.2 dex of that which comes from the GAMA photometry, demonstrating that
the method is consistent with that of a full processing, and that it is possible to quickly
compute matched photometry for large area surveys of complimentary wavelength cov-
erage. This is of vital importance for upcoming surveys eg. DES, VISTA, EUCLID etc.
Fitting Stellar Population Models to galaxy photometry is a widely used technique
in order to convert from observables (colours, magnitudes) to physical properties (mass,
absolute magnitude, age). In spite of their widespread use, the optical and Near Infrared
(NIR) properties of stellar population models are still subject to debate. Two of the most
commonly used models are those of (Maraston, 2005) (M05) and (Bruzual & Charlot,
2003) (BC03), which can differ greatly in the NIR due to the M05 models’ inclusion of
the TP-AGB phase, which was neglected for BC03 models. We explore the ability of
vi
these models to reproduce measured optical+NIR properties of galaxies in Chapter 3.
We produce matched optical+NIR photometry for the subsample of the galaxies sur-
veyed by Zibetti et al. (2013) (Z13) which lie within the UKIDSS imaging area in an
attempt to reproduce the findings of Z13, who conclude that their optical and NIR spec-
troscopy is better fit by models from Bruzual & Charlot (2003) than similar models from
Maraston et al (2005). We compare the observed optical+NIR Spectral Energy Distri-
butions (SEDs) to those of BC03 and M05 models, as well as the approximate Z13 NIR
fluxes. Z13 found that M05 models fitted to the optical data and extrapolated into the
NIR displayed excess flux in the NIR relative to the data, and BC03 models are better
at reproducing the data. However, we show that our data is consistent with both sets
of models, and on average brighter in the NIR than that of Z13. We also compare the
strength of spectral features in the optical to rest frame optical and optical-NIR colours,
and show that our set of Composite Stellar Population (CSP) models agree well with
data, with a preference for the M05 models, showing the validity of using these models
on massive galaxies.
A measurement of the Stellar Mass Function (SMF) of galaxies is a powerful tool in
detecting evolution of the galaxy population. With a statistically complete sample of a
galaxy population down to a given stellar mass, it is possible to calculate a statistically
complete SMF down to this mass. Comparison of the shape of this SMF to that of a
similar sample over a different redshift interval allows the evolution of galaxies over this
redshift interval to be calculated, in order to determine whether these galaxies are form-
ing stars, merging or simply passively evolving.
For this purpose, in 4 computematched SDSS+UKIDSS photometry for the AAomega
UKIDSS SDSS (AUS) survey. This is a 145.416 deg2 area survey of Luminous Red
Galaxies (LRGs) from redshift z∼0.5 to z∼1 located within Stripe 82. We fit this pho-
tometry to a Maraston et al. (2009) Luminous Red Galaxy (LRG) template to give stellar
masses, and scale masses according to the magnitude difference between the matched
photometry and the SDSS model photometry in order to produce “total” stellar masses.
We produce a volume-weighted SMF for the survey, and find that our SMF is consistent
with the Maraston et al. (2013) SMF from the BOSS survey, meaning that the most mas-
sive galaxies in the universe are evolving passively from z=1 to the present day, which is
a challenge to hierarchical models of galaxy formation.
Comparison of observed SMFs to those produced by galaxy formation models is a
method of testing the ability of the models to reproduce the evolution displayed by the
real galaxy population. This is therefore a test of the physics included within the mod-
els, with the level of agreement between the simulation and the real galaxy SMF being
indicative of whether the modelling has incorporated all the processes in action in the
real universe. In order to test the ability of the state of the art semi analytical models of
Henriques et al. (2013) (H13 hereafter), we compare SMFs of the simulated galaxies to
those of the AUS and BOSS surveys in Chapter 5. The H13 galaxies were tailored via
the application of both the AUS and BOSS colour and magnitude cuts, and SMFs calcu-
lated within lightcones of the same area as the surveys in order to compare equal volumes.
Our findings extend the conclusions of Maraston et al. (2013), namely that the most
massive galaxies in the simulations are not sufficiently massive to agree with the observed
galaxy population at this redshift. By extending this analysis to redshift z∼1, we can
confirm that the discrepancy is larger at higher redshift, with the difference between the
most massive galaxies in the simulations and those observed being log(∆M/M⊙) ≃0.2
at z≃0.6–0.7, whereas going beyond this to the range z≃0.7–1 the difference becomes
log(∆M/M⊙) ≃0.25, as can be seen in Figure 5.6, which demonstrates that the simula-
tions are failing to either form, or assemble, the mass quickly enough to reproduce the
observations. Instead, the simulations continue to assemble mass through to low redshift
at a higher rate than is seen in the galaxy SMF. These discrepancies may indicate that the
physics of the simulations is not fully accounting for the real processes in the Universe,
and that we do not yet have a model capable of reproducing the galaxy population in the
real universe. Clearly semi analytical galaxy simulations need to be modified in order to
reproduce the observations, before being further challenged by upcoming spectroscopic
surveys of galaxies at redshifts as high as z=2 eg. eBoss, DESI.
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Chapter 1
Introduction
Abstract: In this thesis, I make use of state of the art galaxy surveys and modelling to
shed light on the evolution of the most massive galaxies in the universe and compare
their evolution with the galaxy populations which emerge from the most advanced galaxy
formation simulations. First, I explain the origins and nature of the cosmological frame-
work within which these simulations are built. Then I explain the methods and results
from galaxy formation theories, and compare them with the observations of the mea-
sured properties of the galaxy population in the real universe. I then describe the tools
used in order to make these studies in the real universe and their limitations, which serve
as motivations to innovate in order to combine data in new ways to explore the galaxy
population better.
1.1 The Expanding and Dark Universe
1.1.1 The Expansion history of the Universe
The early 20th century was an exciting time for physics discoveries. Both Hubble (1929)
and Lemaıˆtre (1927) were able to determine independently that the universe is expanding
using extragalactic nebulae. Hubble’s work made use of two simple measures. The first
quantity used was the ”redshift”, i.e. the amount by which the wavelength is stretched as
it travels from the source to the observer. This is measurable by observing the wavelength
of known spectral features, e.g. atomic emission or absorption lines and comparing them
to their value determined at rest. They also used a measurement of the period of Cepheid
variable stars to determine their absolute magnitude. Using the apparent magnitude one
can compute an approximate distance. When they compared the objects’ redshift to that
of their distance, they observed that the more distant galaxies’ light is more redshifted
than those which are closer, with a linear relationship with distance, as seen in Figure 1.1.
1
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Figure 1.1: Evidence of the expansion of the Universe fromHubble (1929). The recession
velocity is compared to distance for a number of extragalactic nebulae. The fact that there
is a linear increase in recession velocity as a function of distance shows that the Universe
is expanding, and was a ground breaking discovery Source: Hubble (1929).
This is explained by the nebulae residing in an expanding universe, as the more distant
sources’ light has travelled through a larger portion of expanding space, and has therefore
become more stretched (or redshifted). From the relationship between redshift and dis-
tance, it is possible to estimate how much time has passed since the distant objects used
to make this measurement were all in the same place, a time which could be considered
as the beginning of the Universe.
A modern equivalent of this technique is the use of type Ia Supernovae to trace the
expansion of the Universe (Riess et al, 1998; Perlmutter et al, 1999). Type Ia Supernovae
are the thermonuclear explosion of a white dwarf star due to the addition of extra mass
from a companion star. These are thought to be standardisable candles (Phillips, 1993;
Riess et al, 1996), that is, from observables it is possible to determine their absolute
magnitude. This means that by using supernovae at a range of redshifts one can infer a
luminosity distance versus redshift relationship (Union2 Collaboration, 2010). This tech-
nique led to the discovery of accelerated expansion in the late universe and that a source
of repulsion must be present in the Universe to counteract gravity. This is referred to as
Dark Energy, and in its simplest form is treated as a cosmological constant, denoted Λ.
Complimentary to the measurement of expansion in the Universe was the detection
of relic radiation from the early Universe, or Cosmic Microwave Background (CMB), by
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Figure 1.2: The CMB temperature anisotropy map from Planck Collaboration (2011).
This shows the deviation from the mean CMB temperature across the sky. The hot and
cold spots are caused by density perturbations in the early Universe, which act as the
seeds from which structures grow in the late Universe.
Penzias &Wilson (1965); a picture of the Universe’s evolution from when it was 375,000
years old. They found a near perfectly homogeneous microwave signal across the entire
observable sky. This is as predicted from the Big Bang theory, where the Universe begins
in a hot, dense plasma. As it expands and cools, there comes a time where the matter is
sufficiently cold for the ions and electrons to recombine, and therefore for the matter and
radiation to decouple. The leftover radiation from this time can then travel to present day
observers with minimal disturbance, leaving a signal from which the early Universe can
be observed. Inhomogeneities in this near uniform 2.7K signal, which were first mea-
sured by the COBE mission (Bennett et al, 1996), are powerful probes of processes in
the early Universe, and indicative of density fluctuations in the early Universe (Serjeant,
2010). These temperature anisotropies can be seen in Figure 1.2, the CMB anisotropy
map from the Planck survey.
Modern space-based missions to observe the CMB such as WMAP (Bennett et al,
2013) and Planck (Planck Collaboration, 2011) have observed the Universe at redshift
z=1000 to small enough angular scales to resolve acoustic peaks, signatures of oscilla-
tions in the early Universe at the last scattering surface. From the one degree size of
the largest temperature inhomogeneities, it is possible to determine that the Universe is
flat, meaning that the density is close to the critical density between a Universe which
will eventually collapse and one which will expand eternally. It is also possible to use
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the angular size of the acoustic peaks as a standard ruler. When combined with other
probes of the same acoustic peak at lower redshift, such as those from galaxy clustering,
it is possible to measure the Universe’s expansion history from z=1000 to the present day
(Planck Collaboration, 2011).
1.1.2 Dark Matter
It has long been known that there are some parts of the Universe whose dynamics are
not explained by the visible mass. Zwicky (1937) noted that the dynamics of the Coma
cluster, a high mass galaxy cluster at low redshift, require an extra mass component since
the visible mass is not sufficient to explain the velocities of the galaxies. That is, the
galaxies are moving too rapidly to be within a bound structure of that mass.
A similar result was found on galactic scales by Rubin et al (1980), who observed
that the stars in spiral galaxies at large radii are moving too fast for the gravitational pull
from the luminous mass present in the galaxy, requiring a further contribution of another
matter species which is not visible, but provides a potential well deep enough for the
observed rotation rates.
This extra “dark matter” is now a core part of the concordance cosmological model
and a key ingredient in the formation of structures in the Universe. The primordial den-
sity fluctuations seen in the CMB provide potential wells into which matter can collect
and form bound structures. The Baryonic matter within these overdensities subsequently
cools to form stars and galaxies, and when included in a cosmological model it becomes
apparent that dark matter is the dominant matter component in the Universe. It is also
possible to determine the temperature of dark matter from the CMB temperature map.
Hot dark matter was ruled out as the fast moving particles would be unable to produce
the small scale structures, and presently Cold Dark Matter (CDM, non relativistic particle
velocities) is favoured (Bennett et al, 2013).
The combination of these results are all consistent with a single cosmological model
consisting of matter, Cold Dark Matter (CDM), and Dark Energy (Λ); the so called
ΛCDM model. This is a model in which the Universe contains three components, ”or-
dinary” baryonic matter that we directly observe, the dark matter which is required to
satisfy the kinematics of bound structures and collapse to form early galaxies. The third
component is known as Dark Energy. One possible formulation of this the cosmological
constantΛ, a form of vacuum energy which has the unique properties of having a constant
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density in the Universe as it expands and providing a negative pressure, accelerating the
Universe’s rate of expansion. At the present day, the density of these three components,
baryonic matter, dark matter and lambda (ΩB,ΩDM and ΩΛ respectively), are found to
be ΩB = 5%,ΩDM = 27% and ΩΛ = 68%, with a 6 parameter cosmological model
constrained to within 10% accuracy (Planck Collaboration, 2011), meaning we live in a
Universe dominated by the dark energy, with the matter comprising mostly dark matter,
which provides a well constrained framework in which to test smaller scale physics.
1.2 ΛCDM and Galaxy Formation
1.2.1 Haloes
The early view with regards to forming galaxies within the cosmological model was that
of ”monolithic collapse”. This is a model which was motivated by the theoretical find-
ings of Eggen, Lynden-Bell & Sandage (1962), who concluded that the Milky Way was
formed from the rapid collapse of a giant gas cloud in the early Universe. This can then
be extended to all galaxies. As the rate of collapse will be dependant on the mass of the
cloud, this causes galaxies to form in a top-down fashion, with massive ellipticals form-
ing first, and less massive galaxies forming later. The first major downfall of this picture
was that all galaxies are formed as ellipticals, and the formation of spirals requires sub-
sequent merging. Simulations of galaxy formation in a dark matter dominated Universe,
however, showed that this model is not the natural model in a ΛCDM Universe (Press &
Schechter, 1974).
In order to investigate galaxy formation in a ΛCDM Universe, one needs a predictive
model to determine the expected behaviour of matter in this cosmological framework.
This can be done by modelling the Universe, evolving it from its early state, as seen
in the CMB, and then using the known cosmology to allow it to expand through to the
present day, allowing gravity to cause the matter to form structures. Generally, this is
done by modelling solely the dark matter, as this is the dominant mass component and
is the simplest to model given that it only interacts gravitationally. This is done in a col-
lisionless ”N-body” simulation, where particles representing the dark matter are placed
in a box with a density distribution which corresponds to that of the CMB’s temperature
distribution, and left to interact gravitationally. The high density peaks in the initial dis-
tribution are regions of high gravitational attraction, and draw in more matter with time.
The particles are identified as forming bound structures, known as ”haloes”, and looking
at haloes over the duration of the simulation can be used to trace the merger history of
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these dark matter haloes, and hence provide a theoretical model of structure formation
(Baugh, 2006).
The findings of N-body simulations of CDM are that the Universe follows a ”hierar-
chical model” of structure formation (White & Rees, 1978), characterised by the lowest
mass structures forming first and then merging to those of higher masses. This has been
found from early simulations through to the largest such as the Millennium simulation
(Springel et al., 2005). The Millennium simulation used ten billion particles, each of a
mass of ∼109h−1M⊙ in a cube which is 500 h
−1Mpc per side, which successfully re-
produced the galaxy distribution observed in redshift surveys, as can be seen in Figure
1.3, where galaxy positions in an angular slice are plotted against their redshift for the
SDSS (Gott et al., 2005), 2dFGRS (Colless et al, 2001), and CfA2 (Geller & Huchra,
1989) redshift surveys. Opposite each redshift survey is a realisation from the Millen-
nium simulation designed with the surveys’ magnitude limits and angular sizes imposed.
This comparison gives a striking agreement, and provides compelling evidence for a dark
matter dominated Universe. This provides a framework within which galaxies are formed
and assembled.
1.2.2 Mass and Luminosity Functions
Comparing the galaxy luminosity function with that predicted from making simple ap-
proximations from the dark matter halo mass function presents challenges to the pro-
duction of galaxies in ΛCDM. The dark matter halo mass function from simulations is
shown to obey a simple power law, with a cutoff at the high mass end (Jenkins et al.,
2001). This can be converted into an approximate luminosity function by assuming a
mass to light ratio, chosen to normalise the function to intercept the observed galaxy lu-
minosity function at a particular point. Comparisons of the halo ”luminosity” function
and the observed galaxy luminosity function can be seen in Figure 1.4. This figure shows
how the halo mass function is much steeper at the faint end than the observed luminos-
ity function, and also that the galaxy luminosity function is truncated at the bright end
long before the halo mass functions high mass cutoff is apparent. That is, both low mass
haloes and high mass haloes are inefficient at hosting galaxies, and there must be gas
physics, thought to be due to cooling and feedback, which is responsible for this ineffi-
ciency (Benson et al, 2003).
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Figure 1.3: Redshift slices for the SDSS, CFA and 2dFGRS redshift surveys, compared
with those from the Millennium Simulation. The small wedge in blue shows the CfA2
redshift survey, on top of a portion of the SDSS survey, containing over 10,000 galaxies.
On the left is half of the 2dFGRS, which contains over 220,000 galaxies. Opposite each
wedge is a mock survey taken from the Millennium Simulation, where galaxies are cho-
sen in order to match the geometries and magnitude limits of all three surveys, showing
the agreement between observations of the real Universe and dark matter distributions in
an N-body simulation Source: Figure1 from Springel et al. (2006).
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Figure 1.4: A comparison of a measured galaxy luminosity function to those made from
simulations. The dashed line shows the halo mass function with a constant mass to light
ratio applied such that it intercepts the data at the turnover in the luminosity function,
demonstrating the need for baryonic processes to regulate star formation in these galax-
ies. Source: Figure 1 from Benson et al (2003).
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1.2.3 Simulating Galaxies
Modelling baryons in a cosmological simulation is complex and computationally expen-
sive. Modelling gas and feedback processes requires resolution of lengths ranging from
atomic scales to parsec scales, and extragalactic studies require length scales of Mega-
parsecs, giving a range of more than 30 orders of magnitude in order to simulate the
full physics of the Universe. Typically, simulations involving baryons are done using the
so-called ”semi-analytical” approach, where a dark matter simulation is taken and gas is
added to the dark matter’s merger tree. This gas then obeys global scaling laws to model
the physical processes. In simulations, galaxies are formed from the overdensities in the
dark matter field attracting gas into them. This gas then cools to form stars, with feedback
processes introduced to regulate star formation in both small and large galaxies in order
to better reproduce the shape of the luminosity function as shown in Figure 1.4; although
it should be noted that star formation can also be triggered by feedback processes, show-
ing the complexity of their influences on galaxies (Silk, 2005). The method by which
semi analytic modelling is implemented in a typical simulation is shown in the flow chart
of Figure 1.5, which shows how dark matter merger trees are taken and baryonic physics
is approximated afterwards in order to form galaxies, whose observable properties can
then be compared to those in the real Universe.
Feedback processes are mechanisms by which the gas within galaxies is heated or
even expelled. This is typically provided by supernovae and AGN. When a supernova
occurs, the energy released heats the gas around it, causing the density to decrease and
therefore reducing star formation. If the galaxy is of sufficiently low mass, then super-
nova feedback can be sufficient to remove the gas from the galaxy and eject it into the
intergalactic medium, and in the smallest of galaxies this can even be enough to remove
stars and destroy the entire galaxy due to their shallow potential wells, and is thought
to be the principal mechanism responsible for reconciling the discrepancy between the
observed numbers of small galaxies and those in the simulations.
The other source of feedback thought to be highly influential on galaxies is AGN feed-
back. This is motivated by the fact that the mass of the supermassive black hole residing
in galaxy centres, MBH correlates tightly with stellar velocity dispersion in galaxies, σ,
in spite of the fact that processes such as merging and gas accretion should produce scat-
ter. It was proposed by Silk & Rees (1998) that the supermassive black holes form and
accrete material, resulting in jets which reheat the gas and can cause ejection if ener-
getic enough. This can ”quench” star formation in massive galaxies, as well as provide
a mechanism for the MBH -σ relation, and has been implemented in subsequent galaxy
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Figure 1.5: The processes modelled in a typical Semi-Analytic modelling simulation.
Dark matter merger trees from a Universe following the cosmological model are taken
and gas added afterwards in order to produce a galaxy population which is shaped by
baryonic processes. Source: Figure 7 from Baugh (2006).
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simulations (Cattaneo et al., 2005; Croton, 2006; Baugh, 2006) as a mechanism for con-
trolling star formation in massive galaxies.
With these processes in place, it is possible to reproduce to some extent the luminosity
and mass functions of galaxies (Henriques et al., 2013), with the simulations being tuned
to reproduce observables at one redshift (typically z=0) before being used for predictions
at other redshifts. An example of the models’ ability to reproduce the shape of the lu-
minosity function at redshift 0–0.2 is shown in Figure 1.6, where the data points show
the observed galaxy luminosity function from the 2dFGRS and the lines show models
incorporating different feedback models, with the dashed line having no AGN feedback
and the solid line incorporating this process. As can be seen, the AGN feedback results
in the correct shape of the LF at the bright end, showing the importance of this process.
As most of the gas processes are poorly understood, it is the tests of the predictions of
semi analytical modelling against the observed galaxy populations which is responsible
for constraining these parameters governing star formation and feedback which are of
utmost importance with regards to understanding the origins of the observed phenomena
in galaxy evolution in the context of the known cosmology.
1.3 The Evolution of Galaxies
The hierarchical model has a number of challenges to overcome when the predictions
from semi analytic modelling are confronted with observations of the real galaxy popula-
tion. The fundamental prediction from the hierarchical model is that the smallest objects
form in the early Universe, and larger objects are made from the cumulative merging
of these as the Universe ages. However, the real galaxy population has some properties
which are challenging to reproduce in a simulation. With a merger tree which continues
from the early Universe through to the present day, one would expect remaining gas in
each galaxy to combine and induce star formation (Sanders et al., 1988).
If it were the case that the most massive galaxies are formed from the merging of
many smaller galaxies then this should mean that their stellar population shows evidence
of star formation right through from formation to the present day (Kauffmann et al, 1993).
This is not supported by observations of the real galaxy population, as has been found
by numerous sources. This is demonstrated graphically in Figure 1.7 from Thomas et al.
(2010), who used absorption line indexes to derive ages and star formation histories of
local massive galaxies via the comparison of indexes sensit
CHAPTER 1. INTRODUCTION 12
Figure 1.6: Model luminosity functions from Bower et al. (2006) compared to local
luminosity function (LF) from 2dFGRS (Norberg et al., 2002) (upper panel) and the same
local LF measured in the K-band from Cole et al (2001) and Huang et al. (2003) (lower
panel). The dotted lines show a model LF without a correction for dust obscuration, and
the solid line a model LF with dust obscuration included. The arrows show the mass
resolution limits of the simulation. The dashed lines show the effect of removing the
AGN feedback. This figure demonstrates the semi analytic models’ ability to reproduce
the observed galaxy properties at a local redshift, albeit with dust having a large impact
in the optical.Source: Bower et al (2006).
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Figure 1.7: Downsizing in the star formation rates of the massive galaxy population.
The specific star formation rate (star formation rate per unit stellar mass) is shown as a
function of redshift for galaxies of a range of masses, indicated above each histogram.
It can be seen that the least massive galaxies exhibit star formation over a broader range
of redshift than those at higher mass, with the more massive galaxies undergoing more
rapid and early star formation which is is complete long before the Universe is half its
current age Source: Figure 9 from Thomas et al. (2010).
to those from stellar population modelling (Thomas et al., 2003). The horizontal axis
shows lookback time and the vertical axis star formation rate, with the coloured his-
tograms showing the distribution of star formation rates in the indicated stellar mass bin.
The most massive galaxies are shown to have stellar populations which were formed
at high redshift, with negligible star formation rates since redshift z∼1 irrespective of
environment. Progressing to lower mass galaxies sees star formation rates peak more re-
cently, and continue for much longer. This picture is known as Archaeological formation
downsizing.
Reconciling hierarchical galaxy formation with the observations that the most mas-
sive galaxies formed their stars at high redshift requires the galaxies either to be formed
monolithically, or that the passivity of massive galaxies is maintained through the merg-
ers being dry, without gas, and extra insight from other observables is required to resolve
issues surrounding the assembly of these galaxies.
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Whilst the stellar ages of massive galaxies are indicative of the star formation histo-
ries of galaxies, they are not informative of the assembly histories of galaxies, as smaller
galaxies forming all of their stars at high redshift then merging to form a high mass galaxy
would not be distinguishable from stars formed within the same galaxy at high redshift:
Further information is required to disentangle these scenarios.
A measurement of the number density of galaxies as a function of their stellar mass,
known as the Stellar Mass Function (SMF), is a powerful and simple tool for comparing
the assembly of galaxies in the real Universe to those from simulations. Measuring the
SMF as a function of redshift allows both the evolution and assembly of galaxies to be
constrained. Observationally there are challenges, as the most strongly evolving area of
the SMF should be the lowest mass galaxies as these should be becoming less abundant
with redshift in the hierarchical model due to them merging into larger galaxies. How-
ever, low mass galaxies are faint, and detecting them beyond the local Universe requires
very deep imaging. Alternatively, the most massive galaxies are of a much lower number
density, so whilst they are more easily detected, a much larger volume is needed to be
surveyed in order to measure a statistically complete sample. For this reason, studies of
the SMF tend to either focus on completeness at the low mass end in the local Universe
(Loveday et al, 2012; Li & White, 2007; Baldry et al., 2008) or focus on a subsample of
the galaxy population at high redshift (Hartley et al., 2013; Maraston et al., 2013), util-
ising large cosmological surveys such as BOSS (SDSS-III Collaboration, 2011), which
measure redshifts for large populations of massive galaxies. This is done as the most
massive galaxies reside in the most massive dark matter haloes, which means a sample
of massive galaxies is effective at probing the matter distribution in the Universe.
For the purposes of studying galaxy evolution, the most massive galaxies are an effec-
tive probe when choosing a subsample, as they should show the strongest evolution in the
hierarchical model as their haloes should still be assembling with redshift, in addition to
the aforementioned challenges relating to their chemical evolution and their star forma-
tion history. Precision studies have shown that the most massive galaxies are already in
place at redshifts as high as z∼0.7, such as (Maraston et al., 2013) who use a statistically
complete sample encompassing 20,000 deg2 of the extragalactic sky, with other studies
such as Fontana et al. (2006); Muzzin et al. (2013) showing that there is a point between
redshift z∼1 and z∼2 where these galaxies show evidence of evolution. This is in line
with studies showing that the red sequence is in place by redshift z∼2, and it is suggested
that it is growing in mass by as much as a factor of two from redshift z=1 to the present
day. The observations of the massive galaxies already being assembled at high redshift
is known as Mass Assembly Downsizing, and are yet to be reproduced in semi analytic
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models (Maraston et al., 2013).
With such complex problems yet to be resolved, a survey of the most massive galax-
ies over a broad range of redshifts, and out to higher redshifts than previous studies, is a
strong necessity. Currently, large spectroscopic surveys of massive galaxies have not yet
breached redshift ∼1, and have shown that this galaxy population is passively evolving
out to redshift 0.7, (Muzzin et al., 2013). Alternatively, studies utilising photometric red-
shifts have identified the presence of evolution beyond passive at redshift 2 (Peng et al.,
2010; Renzini, 2006, 2009; Cimatti et al., 2006), showing that these galaxies were un-
doing star formation prior to this time. Indeed,Simpson et al (2014) have found number
densities of high mass sub-mm galaxies undergoing rapid star formation at redshift z∼3,
which if the timescales for the sub-mm phase are of ∼100Myr then they are consistent
with being the progenitors of the massive galaxy population at low redshift. The uncer-
tainty over the time at which the star formation ceases in massive galaxies means that
precision mass functions from high redshift surveys of massive galaxies are needed. This
requires either spectroscopic surveys over large volumes of the Universe in order to get a
sample of the most massive galaxies at a redshifts between z∼0.7 and ∼2, or photomet-
ric redshifts of even larger volumes with deep imaging, which could further constrain the
point at which high mass end of the SMF shows evolution beyond passive. This can then
be used to constrain the physical processes implemented in simulations in order to gain
an understanding of the evolution of galaxies.
1.4 Stellar Population Modelling
1.4.1 Stellar Evolution
When comparing the results from these simulations to that of the real galaxy population,
a mechanism is required in order to convert from physical quantities from the simulation,
such as masses, ages, etc. to observables in the real Universe. This is typically done by
using Stellar Population Models.
Stellar Population Modelling is the process of creating synthetic star populations in
order to investigate properties of unresolved stellar systems. Because stellar evolution is
a well understood process due to its dependence on nuclear physics, one can determine
the colours and magnitudes of a stellar population as a function of time with few assump-
tions. The colour evolution of a stellar population can be easily understood via the use
of the Hertzsprung-Russell (HR) diagram, shown in Figure 1.8. This is where a stellar
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population is plotted in terms of its stars’ colours and magnitudes, or for theoretical for-
mulations luminosities and temperatures, due to the fact that the colour is indicative of
a star’s temperature. Comparison of these variables allows the identification of distinct
phases of a star’s evolution. The majority of stars lie on the main sequence, a track from
blue, bright stars through to faint, red stars. Since the temperature and luminosity are
related to the mass of a star, this also means that the sequence from blue to red is also
a sequence in mass, with the most massive stars being the bluest and the least massive
being the reddest. Stars spend the majority of their lifetime on this main sequence until
their hydrogen content is too low for further fusion. At this point, the stars cool and
become redder whilst maintaining approximately the same luminosity, until they begin a
helium burning phase in their core, and become more luminous, populating the red giant
branch. Due to the fact that more massive stars burn their fuel more quickly, a population
of stars formed at the same time will have a main sequence which has a truncation point
which is indicative of the age of the population, with the bluest stars moving off the main
sequence first and the turn-off point to the red giant branch moving towards redder stars
with time.
1.4.2 Modelling Galaxies
If one considers a galaxy to be a sum of many individual stellar populations, then com-
paring the observed colours of the galaxy to those from model stellar populations will
provide a method by which the age of the galaxy’s stars can be estimated. The mass to
light ratio of this stellar population is then known, and total mass of this stellar popula-
tion required to match the galaxy’s absolute magnitude is then an estimate of the galaxy’s
Stellar Mass, M∗. Comparing the goodness of fit of models with varying stellar popu-
lation parameters can also provide insights into a galaxies more complicated properties
such as star formation history and metallicity. However, when using broad band photom-
etry there are limitations to the number of properties one can deduce from fitting models,
as the broad band filters are not able to resolve the difference between models.
Alternatively, one could sum stellar spectra in order to produce the closest match
to a galaxy’s spectrum. This has the benefit of providing detailed information about a
galaxy’s chemical composition, but is restrictive in that one needs high signal to noise
measurements of absorption features.
In order to model a stellar population, one needs stellar evolution tracks for a starburst
which incorporate all aspects of a stars lifetime. These can vary depending on details of
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Figure 1.8: The theoretical Hertzsprung-Russell diagram, showing stellar temperature
vs luminosity, which is analagous to colour vs magnitude. The coloured lines in-
dicate evolutionary tracks for stars of different masses, shown in the key. Source:
http : //en.wikipedia.org/wiki/Asymptotic giant branch.
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calculations and differing treatments of particular phases of stellar evolution. Two com-
monly used stellar population models are those of Maraston (2005, M05) and Bruzual
& Charlot (2003, BC03). The most significant difference between the two is the contri-
bution of the Thermally Pulsating Asymptotic Giant Branch (TP-AGB) stars. These are
of significance as they contribute a large amount of a population’s Near Infrared (NIR)
flux when the population is between ∼ 0.2 and 2Gyr old, and the inclusion of this has a
large impact on the numbers of red stars required to reproduce a given colour. These are
complex models and are calibrated to fit local stellar systems such as Milk Way globular
clusters and then applied to galaxy populations. An example of their ability to reproduce
galaxy colours is shown in Figure 1.9, which shows the best fit stellar population models
for a range of Magellanic Cloud Globular Cluster Spectral Energy Distributions (SEDs),
with the synthetic spectra agreeing well with the data points over a broad wavelength
range.
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Figure 1.9: The best fit stellar population models to a set of Magellanic Cloud Globular
Cluster SEDs. The solid line shows the best fit Maraston (2005) template, with the broad
band SED for that template overplotted as an open circle, with other models also shown
as indicated in the upper left panel. The filled circles show the measured broad band
photometry, demonstrating the ability of stellar population models to reproduce observed
SEDs of real systems. Source: Figure 19 from Maraston (2005).
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When fitting models to galaxy data, there are many free parameters which can im-
pact on properties of the best fit stellar population. One property which is a cause of
great uncertainty in the galaxy population with regards to its universality is the Initial
Mass Function (IMF), with different IMFs having differing numbers of stars formed as a
function of mass. Further complications arise when using composite stellar populations
which allow for star formation, created by summing Single Stellar Populations (SSPs).
This is complex as there are free parameters added relating to the timescales for star for-
mation, as well as the functional form of the star formation rate. One final consideration
is the effect of dust. Typically, this is treated as a further free parameter via an extinction
law such as that of Calzetti et al. (2000).
Fitting this many parameters to data from a large galaxy survey such as the Sloan
Digital Sky Survey is a complex undertaking, as there are only five bands of optical pho-
tometry, making constraining the models using photometric SED fitting a difficult task
due to degeneracies between properties, such as age and dust (Pforr et al., 2012). In
order to control these degeneracies, one can either increase the wavelength coverage or
enforce priors over the fitted properties suitable for the galaxy population being fitted.
One prior which is powerful for fitting models to a spectroscopically confirmed Lumi-
nous Red Galaxy population is to assume an appropriate star formation and a dust content
which is sufficiently small that it has no discernible effect on the galaxy’s light. A model
developed for this type of analysis is that of Maraston et al. (2009), which used empiri-
cal stellar libraries to finely tune a stellar population model which matches the observed
colours of Luminous Red Galaxies from the samples of SDSS and 2SLAQ (York et al.,
2000; Cannon et al., 2006). Using these empirical spectra with a composite stellar popu-
lation which consists of a solar metallicity SSP for 97% of the mass, with the remaining
3% taken up by an old, metal poor component. This is found to give a better match to
the observed galaxy properties from redshift 0.1 to 0.7 than a standard M05 SSP at solar
metallicity, which was found to be redder than the real galaxy population at high redshift.
By taking a survey of passive galaxies, using this model avoids the degeneracies from fit-
ting with the full parameter space by using the prior of the galaxies being well fit by a
passively evolving old population.
1.5 Galaxy Surveys
A major challenge in astronomy when compared to other areas of physics is the fact that
the only information to be obtained about an object is that which we can glean from
CHAPTER 1. INTRODUCTION 21
simply measuring the light of the sky. This is typically done in two different and compli-
mentary methods; photometrically and spectroscopically observing the sky. When trying
to gain understanding of a system as complicated as galaxy, with complex dynamics both
internally and due to such events as outflows, radiative processes, and thermal transfer,
star formation, stellar processes etc., this is a large amount of information to try and
extract from simple flux densities on the sky, so advanced methods are of paramount im-
portance.
Photometric surveys involve the usage of a telescope to image the sky, and mea-
sure the light from the telescope’s full field of view, giving imaging which continuously
covers full fields of a few square degrees. A simple image would provide basic visual
information, and allow the measurement of object flux over the wavelength range that the
instrumentation is sensitive to. This aspect is exploited via multiple images of the same
area of sky through filters, which restrict the wavelength ranges of light that can reach
the imaging equipment (A CCD in modern telescopes). This gives the imaging wave-
length information, which can be powerful when trying to infer galaxy properties from
the images, either by the identification of substructure and morphology of the galaxies,
or to give a photometric SED which can be fit to simulated galaxy SEDs from stellar
population modelling to gain deeper insights into the physical properties, or even to give
an estimate of the redshift.
Alternatively, one can measure the flux density of a small area of the sky as a function
of wavelength via the use of an optical fiber to take the light into a spectrograph, where
it is dispersed so flux density can be measured as a function of wavelength. This has
the advantage of much higher wavelength resolution than is achievable with even narrow
wavelength range filters in photometric studies, at the expense of covering much smaller
amounts of a field and requiring significantly longer integration times in order to get an
equivalent signal to noise ratio to the photometric measurements. For this reason, spec-
troscopic surveys utilise photometric surveys to select targets for spectroscopic follow-up
in order to maximise the use of the small areas available. The gains in spectroscopic stud-
ies are many fold, objects can have their spectral absorption and emission lines analysed
in order to determine their redshift to high precision, as well as metallicities and elemen-
tal abundances if there is sufficiently high signal to noise. Whilst spectroscopic followup
to photometric targets can be powerful, it is expensive.
In order to constrain the complex theory of galaxy evolution, astronomical surveys
are required to be taken to an unprecedented volume and precision, either with deep pho-
tometric studies covering vast areas of the sky or with extensive spectroscopic surveys
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measuring redshifts for enormous galaxy populations.
One of the most important modern day surveys is 2dF Galaxy Redshift Survey (2dF-
GRS), a survey of 221,414 galaxies over 1500 square degrees using a 400 object spectro-
graph on the 3.8m Angle Australian Telescope, giving a galaxy sample out to redshift 0.3
and an optical photometric catalogue to a magnitude of 19.5. This was quickly succeeded
in 2000 as the largest redshift survey project by the Sloan Digital Sky Survey (SDSS),
which used the dedicated 2.5m telescope at Apache Point Observatory, and upon its com-
pletion in 2008 had imaged 14,555 deg2 of the sky in five filters, shown in Figure 1.10,
which shows the amount of light transmitted through the filter as a function of wave-
length, giving colour information. The imaging is done via the telescope imaging in
so-called ”drift scan” mode, where the shutter is open for extended periods and the ro-
tation of the Earth causing the field of view to drift across the sky, giving a stripe of
coverage. The camera contains five individual columns, which are subdivided into five
rows of CCDs, with each row being imaged through a different filter. This allows the fil-
ters to be used to image a section of the sky almost simultaneously. Each stripe, or ”run”
as it is referred to in the SDSS nomenclature, consists of the five camera columns, which
are then broken up into individual ”fields”. All of these details combine to give imaging
of depths of 22.0, 22.2, 22.2, 21.3, and 20.5, for u, g, r, i, z, bands respectively, with a
median seeing of 1.4”, meaning it is a superb set of images for extragalactic studies.
The photometric component of the SDSS was complemented by a vast spectroscopic
observations program using a multi object spectrograph on the same dedicated telescope.
This is a 640 fiber spectrograph which has wavelength coverage of 3800–9200A˚. The
galaxy studies focussed on 2 types of galaxies, the ”main” galaxy sample, which is a
simple magnitude limited sample designed to have a highly complete measurement of
the galaxy population at low redshifts, and the Luminous Red Galaxy (LRG) sample,
which was designed using complex colour and magnitude criteria to target high mass,
red galaxies in a volume limited sample from redshifts 0.1–0.4, with some further cuts
to allow additional galaxies to z=0.55. The LRG sample contained 110,576 galaxies,
and was used for many studies, including constraints of the evolution of the luminosity
function (Cool et al, 2008) and cosmological studies (Reid et al., 2010).
In 2008 the SDSS spectrograph was upgraded to be able to measure redshifts for 1000
objects simultaneously, with wavelength coverage increased by roughly 1000A˚, giving
wavelength coverage of 3600–10000A˚. This was used for the BOSS survey to measure
redshifts of massive galaxies over the range 0.4<z<0.7. Galaxies surveyed consist of the
”LOWZ” and ”CMASS” samples, the LOWZ sample being similar to the SDSS LRG
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Figure 1.10: The optical filter set in the SDSS telescope, The vertical axis shows the
throughput and the horizontal axis shows the wavelength, showing that the telescope is
capable of surveying the sky from 3,000 to 10,000A˚, with deep coverage in the r-band.
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sample only including fainter galaxies in order to have a more complete sample to red-
shift 0.4, and the CMASS being the higher redshift sample, with the target of 1.5 million
galaxies in total for the full survey (SDSS-III Collaboration, 2012). The CMASS sam-
ple also utilised colour and magnitude cuts to target high redshift, high mass galaxies,
only with the modification of extending the colour cuts such that bluer objects are also
included, with the aim of including the most massive galaxies as uniformly as possible in
case some of these objects are still forming stars at this redshift. This proved to be highly
successful, with the DR9 catalogue containing ∼ 400,000 CMASS galaxies which were
used to constrain the SMF out to redshift z∼0.7, in addition to a wealth of other studies
eg. SDSS-III Collaboration (2014).
At redshifts as high as 0.5, attempts to study the massive galaxy population can prove
challenging due to their strong spectral break at 4000A˚. This is a strong break in the
spectrum, indicative of old stellar populations and means that whilst the galaxy is bright
in the redder parts of its SED, its rest frame UV flux is faint in comparison. This can
make observing these galaxies at high redshift a challenge when using optical imaging,
such as that of SDSS, as from redshift 0.5 to 1 the spectral break moves from observers
frame wavelengths of 6000 to 8000A˚, or in terms of filters it moves from being within the
r-band to the i-band, meaning that the majority of the filters are measuring the galaxies’
rest-frame UV. Instead, it is optimal to utilise NIR photometry, as this will continue to
measure the galaxy’s flux in the regions in which it is brightest.
To make this possible, large NIR surveys are needed, as surveying the NIR sky sur-
veys the rest frame optical flux of high redshift objects. One such survey is the UKIRT
Deep Sky Survey Large Area Survey (LAS), which surveyed 4000 deg2 of the SDSS
imaging footprint to limiting (AB) magnitudes of 21.1, 20.9, 20.2, and 20.3 in Y-, J-, H-
and K-bands respectively, shown in Figure 1.11. The UKIDSS project is described in
detail in Lawrence et al. (2007), while the UKIDSS photometric system is described in
Hewett et al. (2006) and the calibration details given by Hodgkin et al. (2009).
Utilising these data in combination with other surveys such as SDSS would yield a
powerful data set for studying red galaxies at high redshift, but as of yet the full survey
has not been united with that of SDSS for galaxies as the individual pipelines do not
give photometric measures which are easily combined, due to the dependence of profile
fits on the Point Spread Function (PSF) as what we see is an objects intrinsic profile
convolved with the PSF. The fact that this will be different in different bands, means
that profiles will vary with wavelength and therefore aperture photometry will not give
the same measurement in two different surveys if aperture radii are derived from object
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Figure 1.11: The NIR filters in the UKIRT telescope, The vertical axis shows the
throughput and the horizontal axis shows the wavelength, showing that the tele-
scope is capable of surveying the sky from 10,000 to 25000A˚, which when com-
bined with an optical survey would provide broad wavelength coverage. Source:
http://www.ukidss.org/images/filters.gif
profiles. This means that either a full reprocessing from the images is required or a
new approach for using catalogue level data in order to unite complementary survey data
before the advantages of using a larger wavelength range with regards to model fitting on
high redshift galaxies.
1.6 Thesis Outline
As alluded to in 1.5, the combination of a NIR survey with a large optical survey with
a spectroscopic component would provide a more powerful dataset than either survey in
isolation, and could measure the photometry of distant LRGs more effectively. In Chap-
ter 2 a method for combining large surveys such as UKIDSS and SDSS is described in
order to achieve this very goal.
The optical and Near Infrared properties of stellar population models, which are ex-
tensively used in galaxy studies, are still subject to debate. In particular, the inclusion of
TP-AGB stars is one which causes large discrepancies between models as they can have
a profound impact on the NIR fluxes of said models. In Chapter 3, we explore the ability
of the M05 and BC03 models to reproduce the NIR colours of the post-starburst galaxy
sample from Zibetti et al (2013) in order to test the validity of using these models with
massive galaxies.
In Chapter 4, we combine the photometry of the SDSS Stripe 82 survey and the
UKIDSS Large Area Survey to give 9 bands of photometry for the galaxies in the AUS
CHAPTER 1. INTRODUCTION 26
survey, an LRG survey over 145deg2 of equatorial sky. We fit models fromMaraston et al.
(2009) to this photometry to measure stellar masses and volumes in order to measure the
stellar mass function, and compare this stellar mass function to that of similar surveys
at lower redshifts in order to test whether or not the stellar mass function is evolving
passively over this redshift interval.
In Chapter 5 we compare our observed stellar mass function from the AUS survey
to that of the BOSS survey and those from tailored simulations. This is a test of galaxy
evolution theories and if the models are capable of reproducing the evolution shown in
the surveys over this redshift range then it shows that the physics within the simulation is
representative of the physics which shapes the real galaxy population.
Chapter 2
A Fast Method for Producing Matched
Photometry Using Radial Profiles
Abstract: In this chapter, we present a method for the matching of SDSS and UKIDSS
photometry using catalogue-level data. This provides an extra four bands of photometry
of redder wavelengths to compliment the optical photometry, and thus improve the accu-
racy with which models can be fit to Spectral Energy Distributions. The speed from using
catalogue-level data means that this method can be readily applied to large surveys such
as BOSS, which increases the number of bands with significant signal measured for the
BOSS survey and any similar samples of galaxies at high redshift. We produce matched
SDSS and UKIDSS photometry for the BOSS galaxies within the GAMA DR1 area in
under 10 minutes. This photometry is able to reproduce the GAMA magnitudes to within
∼0.1 magnitudes for all galaxies. This offset is constant across all bands, meaning that
our method produces consistent colours with the GAMA photometry, and removing all
galaxies that have blend flags for both SDSS and GAMA reduces this further, with r and
H band offsets of ∼0.02 and ∼0.04 magnitudes respectively when this exclusion is ap-
plied. We compute stellar masses by fitting a Maraston et al. (2009) LRG model to the
derived photometry and find that our photometry’s best fit stellar masses are within∼0.2
dex of that which comes from the GAMA photometry. The masses were found to be con-
sistent, with scatter created by age discrepancies, driven by colour errors. The scatter
between the two masses was found to have a zero offset for a 20kpc radius aperture, and
a scatter of ∼0.2 dex.
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The study of intrinsically red galaxies such as Luminous Red Galaxies (LRGs) at
high redshift has many challenges. Due to the large luminosity distance to the galaxies,
deep photometry is required in order to detect them beyond the local Universe. This is
easier to achieve using optical wavelengths as backgrounds are significantly lower than
in the NIR. However, this depth comes at the cost of missing the majority of a galaxy’s
flux. In the Sloan Digital Sky Survey’s (SDSS) ugriz photometric system, the Rest-frame
4000A˚ moves from the g-band to the r-band from redshift z∼0.6 to z∼0.9, which means
that red galaxies with strong 4000A˚ breaks are poorly detected in the majority of the
SDSS photometric bands from redshift z∼0.6. In Figure 2.1 we show Maraston et al.
(2009) LRG templates redshifted to z=0.6 and z=0.9, demonstrating how going to high
redshifts limits the use of optical photometry, particularly as the most sensitive SDSS
band (the r-band) no longer effectively measures galaxy flux. However, using the NIR
bands such as the YJHK bands shown in this figure allows the measurement of most of a
z=0.9 LRG’s flux.
In this Chapter, we study a new method for combining the photometric data for galax-
ies from the SDSS and UKIDSS. In particular, for such extended sources, it is important
to ensure fluxes in different photometric pass-bands are measured within consistent aper-
tures across both surveys, accounting for differences in the resolution of the data. Before
we present our method, we review here previous methods for matching the fluxes of ex-
tended SDSS and UKIDSS sources, but do not discuss the matching of point–like sources
in both data-sets, as they have a well-defined radial profile and as such profile-fit photom-
etry is a good match between different surveys (e.g., see Peth et al., 2011).
In most cases, authors have attempted to match the fluxes of galaxies using previ-
ously derived photometric measurements available in publicly–available catalogues. For
example, Eminian et al. (2008) used a matched catalogue of nearby galaxies to study the
NIR colours of SDSS galaxies using the fibermag measurements in the SDSS (mag-
nitude within a 3 arcsecond diameter aperture) and the 2.8 arcsecond Apermag aperture
flux from UKIDSS (see Section 2.1). These two apertures are close in angular scale, but
are not well–matched in terms of their Point Spread Function (PSF), i.e., fibermag
measurements are degraded to a common SDSS seeing of two arcseconds, whereas the
typical UKIDSS seeing is ∼0.8 arcseconds. Moreover, this technique only samples the
inner parts of these nearby galaxies, thus providing approximately a third of the total flux
of the galaxies.
Likewise, Smith et al. (2009) combined the measured UKIDSS K-band Petrosian
magnitude to the SDSS ugriz band Petrosian magnitude to study the stellar mass function
of SDSS galaxies. Whilst the K-band Petrosian magnitudes were corrected to remove
inconsistencies due to the differences in the de–blending of close objects, the issue of
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Figure 2.1: The SDSS and UKIDSS passbands, shown with a Maraston et al. (2009)
LRG templates redshifted to z=0.6 (black) and z=0.9 (red), demonstrating the ability of
the combined SDSS+UKIDSS filter set to measure photometry for high redshift LRGs.
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different Petrosian radii was not addressed. Therefore, there will be offsets between the
optically–measured Petrosian radii, under the SDSS seeing conditions, and NIR Petrosian
radius with a different, most probably smaller, PSF.
Alternatively, one can return to the original image pixel data of the two surveys and
re–measure the optical and NIR fluxes in a common aperture, thus providing consistent
colours as long as the PSFs are matched. Examples of this approach include La Barbera
et al. (2010) who used SExtractor (Bertin & Arnouts, 1996) to measure Kron aperture
photometry (Kron, 1980) to a radius of 3rK in the SDSS i-band, where rK is defined as
rK =
ΣR2I(R)
ΣRI(R)
, (2.1)
where I( R) is the source light–profile and R is the radius. The large radius of 3rK was
chosen to circumvent difference in the PSFs of SDSS and UKIDSS, i.e., the radius is
significantly larger than the median SDSS & UKIDSS seeing. However, such a large
radius increases the risk of contamination from neighbouring objects, especially in dense
regions of the sky.
So far, only the Galaxy And Mass Assembly (GAMA) collaboration (Driver et al.,
2009) have attempted to perform a full, PSF–independent, measurement of SDSS and
UKIDSS galaxy colours using a common aperture across both sets of survey imaging
data. However their procedure is computational intensive and required significant re-
sources for a relatively small area of sky in common. Therefore, extending their method
to the whole SDSS+UKIDSS data would be computationally challenging.
The method outlined in this Chapter builds on two related algorithms in the literature.
First, Wild et al. (2011) used existing radial profile (catalogue) data for both the SDSS
and UKIDSS to linearly interpolate the flux at any arbitrarily defined common aperture.
They generated a curve–of–growth in each band, and then measured fluxes as fixed frac-
tions of the SDSS r-band Petrosian radius. This method was designed to produce accurate
optical and NIR colours for galaxies which where well-resolved, as their method does not
account for a changing PSF. Secondly, Bundy et al. (2012) presents the measurement of
synthetic magnitudes using the best-fit galaxy model to each SDSS and UKIDSS galaxy,
and convolves that model with each bands PSF in order to produce offsets to the mea-
sured photometry. This method is computationally fast and provides accurate (low noise)
estimates of optical and NIR galaxy colors which improve the photometric redshifts of
distant galaxies, but introduces the assumption of the galaxy being well represented by
the best fit model.
In this Chapter, we are focused on deriving accurate galaxy properties (especially stel-
lar mass) for galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS;
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Figure 2.2: Unprojected plot of right ascension versus declination , showing the GAMA
+ UKIDSS + SDSS spectroscopic matches (upper panel) and the GAMA + UKIDSS +
BOSS matches (lower panel), giving a total of around 4000 test galaxies with GAMA
matched photometry, SDSS and UKIDSS radial profiles and SDSS/SDSS-III spectro-
scopic observations.
Eisenstein et al. 2011). These galaxies are more distant, and thus less resolved, than
those studied by Wild et al. (2011), but we would still like to use the measured radial
profile data those providing independent verifications of the synthetic magnitudes from
Bundy et al. (2012). In Section 2.1, we outline the key data-sets used in this project,
while in Section 2.2 we outline our methodology. In Section 2.3, we test the method with
both simulated and real data, and conclude in Section 2.4. Where appropriate, we use
the WMAP7 best-fit cosmology, i.e., a flat ΛCDM model with Ωm = 0.23 and H0 = 71
kms−1Mpc−1 (Jarosik et al., 2011).
2.1 Survey Data
In this Chapter, we use four key survey data-sets, i.e., optical photometry from the
SDSS-III Data Release Eight (DR8), BOSS galaxy spectroscopy, NIR photometry from
UKIDSS and, for testing purposes, the photometric and spectroscopic data from the
GAMA First Data Release (DR1). We describe these data-sets below.
The Sloan Digital Sky Survey is a five pass-band photometric and spectroscopic sur-
vey of the northern sky using a dedicated 2.5-meter class telescope at Apache Point Ob-
servatory (APO). The final SDSS photometric catalogue was released in 2011 as part of
DR8 (SDSS-III Collaboration, 2011), and the SDSS now continues as a spectroscopy-
only survey. In particular, BOSS is targeting 1.5 million galaxies, out to a redshift of
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z = 0.7, to accurately measure the Baryon Acoustic Oscillations (BAO) to high redshift
and study the accelerated expansion of the Universe (see Eisenstein et al. 2011). To
achieve this goal, BOSS is targeting massive galaxies, using the original SDSS photo-
metric data, which are preferentially early-type galaxies located at the luminous end of
the color–magnitude relationship of galaxies (see Masters et al. (2011) for more details).
As part of BOSS, we are interested in studying the evolution of such massive galaxies
(e.g. Wake et al. 2006; Maraston et al. 2009; 2012) and therefore, we wish to obtain as
accurate estimates of BOSS galaxy parameters as possible, especially their stellar masses
(see Maraston et al. 2012).
In detail, our method uses the DR8 photoprofile table in the Catalogue Archive
Server (CAS), which provides a measurement of the radial surface brightness profile of
all SDSS galaxies. The table contains circularly–averaged bins of flux, in all 5 pass-
bands, with radii increasing logarithmically from 0.22 arcseconds radius to potentially
258 arcseconds if appropriate; for completeness, we provide the outer radii of these flux
bins in Table 1. For BOSS galaxies, > 90% have profiles measured up to, and including,
the 7th bin beyond which the SDSS data reduction pipelines curtail of measurements
below a specified signal–to–noise threshold. Some BOSS galaxies have data beyond the
7th bin but a majority of cases display a flat surface–brightness profile consistent with
that of the sky surface brightness level. Where appropriate, we also use the BOSS galaxy
redshift measurement, taken from v5 15 6 of the BOSS spectroscopic data reduction
pipeline (Bolton et al. 2012).
The UKIDSS project is described in detail in Lawrence et al. (2007), while the
UKIDSS photometric system is described in Hewett et al. (2006) and the calibration
details given by Hodgkin et al. (2009). For this Chapter, we use data from the UKIDSS
Large Area Survey (LAS), which consists of YJHK photometry on up to 4000 deg2 of the
SDSS imaging footprint to limiting (AB) magnitudes of 21.1, 20.9, 20.2, and 20.3 respec-
tively. UKIDSS magnitudes are originally calibrated to the Vega system, but herein we
always use the SDSS AB photometric calibration using the conversions given in Hewett
et al. (2006). The UKIDSS data used in this Chapter was obtained from their science
archive as described in Hambly et al. (2008).
For the remainder of this Chapter, we focus on the GAMA areas of sky thus allowing
us to compare our joint optical and NIR photometric measurements with those derived
independently by the GAMA team. We use the publicly available GAMA DR1 data, as
described in (Driver et al., 2011), which covers 144 deg2 of sky in three equatorial fields
as demonstrated in Figure 1. Briefly, the GAMA team jointly re-analysed the SDSS and
UKIDSS imaging (pixel) data in these fields, degrading the data to a common 2 arcsecond
FWHM seeing and measuring magnitudes within common apertures of radius 2.5rk (see
Equation 2.1), as defined in the SDSS r-band. Their galaxy magnitudes are quoted on the
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AB magnitude scale and have been corrected for Galactic extinction. We have matched
all the data used in this Chapter using the BOSS astrometry as our reference. We begin
with the BOSS positions (Right Ascension and Declination) and match the nearest object
in the SDSS DR8 catalogue (within two arcseconds) to that galaxy, followed by the
nearest UKIDSS galaxy (with Pgalaxy > 0.5) and the nearest detected GAMA object,
both within two arcseconds of the BOSS position. This matching process provides 2,758
BOSS galaxies with data from SDSS, UKIDSS and GAMA, from a total possible sample
of 3,069 BOSS galaxies in the GAMA area.
2.2 Methodology
In Figure 2.3, we present a schematic overview of our method for creating matched aper-
ture photometry between SDSS and UKIDSS for BOSS galaxies. As shown, our method
begins with the radial profile information for each galaxy (in every band available), using
either the Photoprofile table in SDSS or the Apermag data in UKIDSS. We use a
cubic spline fit to these profile data to interpolate to any arbitrary radius.
For ease of computation, and to exploit routines in IDL1, we use these profiles to
re-create two-dimensional SDSS and UKIDSS images of each galaxy. These 2-D im-
ages are created with the same pixel scale (0.35 arcseconds per pixel), which is slightly
smaller than the intrinsic pixel scale of both the original SDSS and UKIDSS imaging
data (0.4 arcseconds per pixel except for the J-band in UKIDSS). This pixel scale was
chosen empirically and was a trade-off between gaining sufficient resolution to obtain
accurate measurements of the source fluxes, while still being computationally tractable
for the existing IDL routines.
This re-pixellation of the profiles was performed using REBGBIN in IDL and then
convolved with a Gaussian of width σconvol, given by
σconvol =
√
σ2final − σ
2
init, (2.2)
where σfinal is the desired, matched PSF of the final image and σinit is the PSF width of
the original observations, as taken from the respective data catalogue. This convolution
was performed using CONVOLVE in IDL and for this analysis, we have chosen σfinal = 2
arcseconds to be consistent with the GAMA data.
1Interactive Data Language
CHAPTER 2. A FASTMETHODFOR PRODUCINGMATCHED PHOTOMETRY...34
Figure 2.3: The algorithm by which matched photometry is produced. Processes in green
apply to both SDSS and UKIDSS bands, processes in blue apply solely to SDSS bands
and processes in red apply only to UKIDSS bands.
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Once we have standardised the images to the same PSF we can integrate the flux
within a chosen (arbitrary) aperture of the same radius in each band using the IDL al-
gorithm APER, which does account for edge–effects in the flux summation. We do not
attempt to estimate fluxes in elliptical apertures as the original UKIDSS and SDSS pro-
files are circular. We do however have the freedom to now scale our fluxes to the same
fixed physical radius aperture across all galaxies, by exploiting the availability of BOSS
redshifts for all galaxies in our sample. For the work presented herein, we choose a fixed
metric radius of 20 kiloparsecs to ensure we measure majority of these galaxies’ Stellar
Mass, as determined empirically using the masses derived later.
2.3 Testing the Method
We present here tests of our method to ensure it delivers accurate matched photome-
try. We use two different datasets for this testing, namely simulated galaxies with the
same overall properties as BOSS galaxies and the independent GAMA measurements as
discussed in Section 2.3.3.
2.3.1 Simulated data
The Data
Our first test is a Monte Carlo simulation of BOSS galaxies. This was achieved by simu-
lating 10,000 galaxy images each with parameter values drawn at random from distribu-
tions similar to those observed for real BOSS galaxies. For each galaxy in our simulation,
we assumed a de Vaucouleurs profile (Eisenstein et al, 2001), as BOSS galaxies are pre-
dominately massive early–type galaxies (Masters et al. 2011), and selected at random the
de Vaucouleurs scale radius, central surface brightness, and axial ratio from fits (shown in
red) to the observed distributions of these parameters as shown in Figure 2.4. The fits to
these observed distributions were obtained empirically as there are several data artefacts
that we wish to avoid. For example, the observed distribution of de Vaucouleurs scale
radii has noticeable peaks at zero and other integer values. The source of these artefacts
is unknown but are clearly data errors and not a true reflection of the underlying galaxies;
therefore we ignore them in our simulations.
We next create a 2-D image (pixel scale 0.4 arcseconds) from each of the randomly
constructed de Vaucouleurs profiles with the correct axial ratio. These galaxy images are
then convolve with a Gaussian whose width is drawn at random from the distribution of
typical BOSS galaxy seeing values also shown in Figure 2.4. These simulated galaxy
CHAPTER 2. A FASTMETHODFOR PRODUCINGMATCHED PHOTOMETRY...36
images are only created for the SDSS component of our match photometry, as we only
wish to demonstrate our interpolation technique works, and were done separately for each
of the SDSS passbands; for illustration purposes, we only show in Figure 2.4 the param-
eter distributions for the SDSS r-band as these typically have the highest signal–to–noise.
The next stage of our simulation is to create the Photoprofile table for each
galaxy. This was achieved by using the IDL routine APER (from the IDLASTRO library
of routines) on the 2-D images for all 15 apertures described in Table 1. This provides
a noiseless measurement of Photoprofile for each simulated galaxy but with the
correct pixellation of a typical BOSS galaxy. We then added noise to each bin of the sim-
ulated Photoprofile using the error distribution shown in red in Figure 2.4, which
has a zero mean but a variance that is typical for the underlying distribution of observed
errors for our BOSS galaxies (black histogram). These observed errors were estimated
from the repeated photometric observations of Stripe82, which were part of the recent
SDSS DR8, i.e., each galaxy in Stripe82 has multiple independent observations (up to 40
in some cases) over a range of different observing conditions.
In the lower left panel Figure 2.4, we show the difference in the repeat photometry
compared to the coadded flux for each object, matching each repeat observation to the
coadded object within one arcsecond. We use the coadded flux as a reference as this
measurement should have significantly higher signal-to-noise than any single-epoch de-
tection of the galaxies and therefore, the observed variance in the flux is primarily due
to the individual detections rather than the reference flux. We do see an offset of ∼ 0.1
magnitudes in the relative uncertainties (see Figure 2.4) which we ignore in the simu-
lated error distribution (red histogram) and is probably due to differences in the reference
flux. We note that the standard deviation of the fluxes in each bin of Photoprofile
(from the repeat observations) is significantly larger than the reported errors in the SDSS
Skyserver of up to ∼0.1nanomaggies, which is probably due to the larger variations in
observing conditions experienced during the repeat observations.
Comparison of input photometry with that produced
These data were then used according to the method outlined in Section 2.2, i.e. The
profile was pixellated, convolved to 2” seeing and aperture photometry measured. The
flux within this aperture could then be compared to that of the original noiseless De
Vaucouleurs profile when convolved to the same seeing when the same aperture was
used. The results from this can be seen in Figure 2.5, where the free parameters of the
simulated data were all drawn from an SDSS-like distribution (see Figure 2.4) and the
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Figure 2.4: The distributions of each free parameter in the simulation code. Within
each panel, the solid black filled histogram shows the observed distribution from SDSS
DR8 data of BOSS galaxies, and the red hatch filled histogram is the distribution of the
random numbers for this parameter in the simulation. The upper left panel is the best fit
De Vaucouleurs scale radius, the upper right panel is the seeing FWHM, the lower left
panel is the fractional error in photoprofile bin flux values and the lower right is the
axis ratio.
resulting magnitudes from a fixed radius aperture were compared to those from the pure
De Vaucouleurs profile convolved with a Gaussian of 2” FWHM and integrated within
the same aperture. The recovered values have no systematic deviation from the input
values, and a standard deviation of 0.1 magnitudes, which demonstrates that the method
introduces no systematic error and a small random error.
2.3.2 Recovering Results From Observed Data
SDSS radial profiles were taken from the Photoprofile table in the DR8 Catalogue
Archive Server, which gives circularly averaged flux densities in radial bins. UKIDSS
radial profiles were created by taking the 13 Apermags for each band, which gives
an effective radial profile, although the Apermag values are actually approximate total
magnitudes as they are brightened by a correction factor called “Apercor”, derived using
a profile fit to create a total magnitude via correcting for flux outside the aperture under
the assumption that it is a point source. As the matched photometry method is being
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Figure 2.5: Left panel: The input magnitude plotted against the recovered magnitude,
with residuals shown beneath. Right panel: Histogram of the residuals. The recovered
magnitude is consistent with a zero offset from the input magnitude, with a standard
deviation of around 0.1 magnitudes. This is dependent on the noise level added to the
profile. The noise used was Gaussian with a standard deviation of ∼0.1 magnitudes and
a zero mean, which was used in order to be representative of the scatter of the stripe 82
individual reductions around the coadded profiles.
optimised for extended sources, the Apermags are de-corrected via the removal of the
Apercor correction for each aperture, and a radial profile created by subtracting off the
flux interior to each aperture to give differential flux densities as a function of radius out
to 12” radius. This was also improved by including the peak flux, which gives the highest
pixel value measured, and assuming this is the central pixel, which should be the case for
anything of a Sersic–type profile.
Both of these radial profiles give circularly averaged flux densities, so there will be
some error due to ellipticities of the galaxies. However, as the BOSS targets have small
observed sizes, typically only a few times the seeing, the effects of this ellipticity should
be small as this means the PSF is a large component of their observed radial profiles
(Masters et al., 2011).
Using the IDL radgen routine, it is possible to create a mock galaxy image in each
band using these radial profiles, which are interpolated using a cubic spline in order to
give a continuous profile and then pixellated to a custom pixel scale. For this work, a
pixel scale of 0.35”/pixel was chosen as this is higher resolution than the SDSS camera,
so any errors added from pixellation should be smaller than those made in creating the
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Figure 2.6: The psfwidth as derived by the SDSS pipeline by a double Gaussian fit
versus the width of a single Gaussian fitted to the profile of a star from that field via χ2
minimisation. The points are coloured as follows: u-band in black, g in purple, r in blue,
i in green and z in red. As can be seen, the single Gaussian is narrower than that from a
double Gaussian fit. Overplotted are the best fit linear scaling relations, with line colours
the same as those for the points.
catalogue’s radial profiles.
In order to test the method up to this point, mock ugriz images were created, degraded
to 2” and then magnitudes within 1” and 1.5” radius apertures in order to compare with
the 2 sizes of fibermag in SDSS DR8. These were found to agree well, with the
magnitudes being well reproduced with a mean scatter of 0.05 magnitudes. A similar test
was carried out for the UKIDSS Apermags and these were found to agree well with
similar errors.
CHAPTER 2. A FASTMETHODFOR PRODUCINGMATCHED PHOTOMETRY...40
Before degrading the two sets of imaging to a common PSF, different values for the
PSF from the two surveys have to be comparable. Since SDSS use a double Gaussian
fit to determine psfwidth (Stoughton et al., 2002) whereas UKIDSS use only a single
Gaussian (Dye et al., 2006), a correction is required. In order to make the widths reported
in the two archives comparable, single Gaussians were fitted to the radial profiles of 4000
stars (determined empirically to give errors on best fit slopes of the ∼1% level) between
magnitudes of 16<r<18 in order to keep high signal to noise yet avoid saturation issues,
as a saturated detector will not measure accurate flux values which will give a flattened
radial profile, and an inaccurate PSF. Using the best fit Gaussian widths, it is possible to
use a simple linear scaling relation for each band to convert the double Gaussian width
reported by SDSS to that measured by a single Gaussian, as can be seen in Figure 2.6.
The best fit linear scaling relationship was found for each SDSS band independently,
which are given in Table 2.2.
With these scaling relationships determined, the SDSS psfwidth was scaled for
each band and the images were convolved with a Gaussian of width σconvol given in
Equation 2.2.
With multi-band images of common PSF a common aperture was needed. As the
code used here was optimised for BOSS targets, ultimately every target will have a spec-
troscopic redshift, thus a fixed metric aperture can be computed easily when a cosmology
is assumed.
A small fraction of the computed magnitudes were extremely bright, often ≥ 2 mag-
nitudes brighter than the total magnitudes within the catalogues. These were found to be
due to poorly interpolated profiles, where the spline interpolation has resulted in extreme
turning points in order to intercept the data points exactly. These were identified and
removed via the comparison of a colour from the catalogue magnitudes (SDSS model
or UKIDSS Apermag8 photometry) with that measured from the computed matched
photometry, with a tolerance of 0.5 dex. A colour discrepancy greater than 0.5 dex re-
sults in the magnitude which deviates from the catalogue magnitudes by the largest being
rejected. This was chosen as colour should be approximately constant with aperture ra-
dius, so a large colour deviation should give an indication of when the processing has
failed. A colour difference of 0.5 magnitudes was chosen as it is significantly larger
than should be expected from colour gradients, indeed, Swindle et al. (2011) found from
comparing SDSS fiber-Kron aperture colours that their results were consistent with no
colour measurable colour gradients for their sample of SDSS early-type galaxies. The
final algorithm including these tests is shown in Figure 2.3.
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The metric by which success was determined was to fit the GAMA photometry to an
LRG spectral template from Maraston et al. (2009, M09) in order to calculate ages and
stellar masses. Best fit is determined via χ2 minimisation using Hyperzspec (Bolzonella
et al., 2000). This is both sensitive to galaxy colours and the total value of the bands.
Since colours are a measure of relative fluxes, they are an effective method for detecting
an offset between the individual bands, and therefore the surveys. They are also sensitive
to the PSF matching method as well as testing for self consistency in the method in or-
der to detect errors in flux values coming from poor interpolations or other such routine
dependant issues. The stellar mass which comes from the best fit to the age comes from
normalising the template spectrum to the total integrated flux, which tests total fluxes.
Comparison of the ages and stellar masses from the best fit template to the matched pho-
tometry created using the method described here therefore provides a thorough test of
both relative and absolute fluxes, and a zero offset in both values should prove that the
photometry is matched.
Both the GAMA and the derived photometry were fitted to an M09 template using a
Calzetti et al. (2000) dust law in order to compute stellar masses and ages. A range of
apertures were used, and it was found that a 20kpc radius aperture gave a zero offset to
the photometry stellar mass, with the majority of the mass deviations less than∼ 0.2 dex,
as can be seen in figure 2.7. The ∆M∗ distributions are well fit by a double Gaussian, of
the form
f(W1,W2, σ1, σ2, r) =
W1
2
√
2piσ21
e
r2
2σ2
1 +
W2
2
√
2piσ22
e
r2
2σ2
2 (2.3)
where r is the independent variable, σ1 and σ2 are the standard deviations of the Gaus-
sians and W1 andW2 are the weights. The best fit functions, found by χ
2 minimisation,
were found to have standard deviations of 0.063 and 0.25 and equal weights when deter-
mined independently for both the BOSS and SDSS data.
There is a small population of the ∆M∗, ∆Age diagram which are outliers, and cor-
relate in the logical sense that a positive ∆Age means the derived photometry gives a
galaxy which is too young, so it should be very bright and hence needs less stellar mass
to have the same flux, hence ∆M∗ is also positive, and vice versa.
Figure 2.9 demonstrates that this is not an issue with the fixed metric aperture size
capturing differing fractions of the galaxy and hence different fluxes, creating a stellar
mass discrepancy. Removing any objects which have been deblended or have some other
deblending issue, as identified by them containing either a CHILD or NODEBLEND flag
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Figure 2.7: The stellar mass difference between the best fit template to the GAMA pho-
tometry and the computed photometry plotted against the age difference, with the BOSS
galaxies in red/solid red bars and the SDSS sample in blue/blue hatched filled bars. As
can be seen, the majority of points lie in the central region with a spread of ∼0.2 dex in
stellar mass, with some outliers where the profiles have given bad ages and stellar masses.
The distribution is well fit by a double Gaussian, of standard deviations 0.063 and 0.25,
and roughly equal weights.
in the SDSS DR8 catalogues removes a large fraction of the negative values, indicating
that GAMA’s photometric pipeline has separated blended sources differently. However,
the positive outliers still remain, which could either be caused by interpolation issues or
that the GAMA photometry is all extracted after degrading, meaning that close pairs may
be blended after this convolution, leading to inaccurate flux values for these objects.
The∆M∗ distribution behaves as one would expect with respect to flux level changes
due to a different aperture size, with smaller apertures giving a mass decrement over the
GAMA photometry and vice versa for larger apertures. Figure 2.8 shows the GAMA
photometry with squares and the derived photometry with circles for an example galaxy,
with the best fit templates to the individual sets of photometry shown in green and red
respectively. The derived photometry is scattered around the GAMA data points, with
very similar colours and best fit templates.
2.3.3 GAMA VII photometry
As was noted in Taylor et al. (2011), the GAMA photometry was not capable of reproduc-
ing the optical+NIR colours of the stellar population templates. When stellar population
models are fit to the data, the templates poorly reproduce the NIR data. This is illustrated
in their Figure 7, where they show the differences between the template NIR magnitudes
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Figure 2.8: An example SED for one galaxy, with the best fit model to the GAMA
photometry shown in green and the photometric data points for each filter shown with
squares and the best fit to the derived photometry in red with data points overplotted with
circles.
and those from the data for models both fit to the optical and to the full optical+NIR data,
indicating a problem with the GAMA NIR data. Further investigations revealed that
the GAMA pipeline had not successfully matched the PSF of the optical and the NIR
images, with the NIR images having a smaller psf than the 2” which was the intended
standard to which all images were to be convolved. This was due to UKIDSS observing
strategies changing for the UKIDSS images and the survey using the supplied PSF from
the UKIDSS pipeline (GAMA private data documentation) in spite of the fact that the
UKIDSS and SDSS pipelines measure seeing with different functional fits.
To explore the effects of the corrected GAMA photometry, we compare the matched
photometry produced here with that of the GAMA V2 catalogue (Lee Kelvin, Private
Communication). In addition, we are able to compute photometry within the same aper-
ture as GAMA, making this comparison as direct as possible. In Figure 2.10 we show
the difference between the photometry derived using the method presented in this chapter
and that of the modified GAMA pipeline.
Our photometry is able to reproduce the GAMA photometry to within ∼0.1 magni-
tudes, a difference which is roughly constant across all the bands. This shows that our
method is producing consistent colours, with a small constant offset, possibly due to al-
gorithmic differences between the GAMA and the SDSS+UKIDSS reduction pipelines.
One possible cause of this offset is from blends. Because the GAMA imaging is degraded
to a 2” PSF before objects are detected, they are more at risk to blends than the SDSS or
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Figure 2.9: Left: ∆M∗ and ∆ Age versus De Vaucouleurs scale fit radius, the radius
containing 50% of the Petrosian flux and the radius containing 90% of the Petrosian
flux, which shows that the ∆M∗ discrepancies are not related to any of these measures
of galaxy size. Right: The main panel of Figure 2.7 but for all objects whose SDSS
photometry contains neither a CHILD or NODEBLEND flag in black above those which
contain either of these two flags, from which it can be seen that there is some extra flux
in the deblended sources.
UKIDSS images.
To measure the impact of this, in Figure 2.11 we make the same comparison but
with all GAMA galaxies which have blend flags removed. This reduces the number of
galaxies greatly, but the photometry offset is reduced to ∼ 0.05 magnitudes, suggesting
that the cause of some of the offset is extra light from neighbouring sources. We further
test this in Figure 2.12, where we compare the r and H band offsets depending on whether
they are flagged as a CHILD in SDSS and/or a blend in GAMA. In the case where both
SDSS and GAMA do not identify galaxies as blends, the offset is reduced to ∼0.02 and
∼0.04 magnitudes in r and H respectively, demonstrating that the offset is indicative
of the image processing differences between SDSS and GAMA rather than an inherent
offset introduced by the photometry matching method.
C
H
A
P
T
E
R
2
.
A
F
A
S
T
M
E
T
H
O
D
F
O
R
P
R
O
D
U
C
IN
G
M
A
T
C
H
E
D
P
H
O
T
O
M
E
T
R
Y
...4
5
14 16 18 20 22 24
GAMA_mag_auto
14
16
18
20
22
24
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-2 -1 0 1 2
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean = -0.255
sigma = 0.468
14 16 18 20 22 24
GAMA_mag_auto
14
16
18
20
22
24
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.103
sigma = 0.220
14 16 18 20 22
GAMA_mag_auto
14
16
18
20
22
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.080
sigma = 0.129
14 15 16 17 18 19 20
GAMA_mag_auto
14
15
16
17
18
19
20
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.101
sigma = 0.129
13 14 15 16 17 18 19 20
GAMA_mag_auto
13
14
15
16
17
18
19
20
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.065
sigma = 0.165
13 14 15 16 17 18 19 20
GAMA_mag_auto
13
14
15
16
17
18
19
20
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.102
sigma = 0.171
13 14 15 16 17 18 19 20
GAMA_mag_auto
13
14
15
16
17
18
19
20
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.077
sigma = 0.150
13 14 15 16 17 18 19 20
GAMA_mag_auto
13
14
15
16
17
18
19
20
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.080
sigma = 0.127
13 14 15 16 17 18 19 20
GAMA_mag_auto
13
14
15
16
17
18
19
20
[
t
h
i
s
 
w
o
r
k
]
 
m
a
g
 
n
o
 
p
s
f
s
c
a
l
i
n
g
 
3
r
_
k
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
GAMA-[this work] mag
0.0
0.2
0.4
0.6
0.8
1.0
Mean  = -0.082
sigma = 0.119
Figure 2.10: Magnitude comparisons GAMA V2 photometry and that derived here for all galaxies. u, g, r, i, z, Y, J, H, and k band photometry
is shown in black, purple, dark blue, light blue, cyan, green, yellow, orange and red respectively. The photometry derived here is compared to
the Kron radius apertures from GAMA, with the best fit Gaussian to the residuals shown. We are able to reproduce the GAMA magnitudes to
within ∼0.1 magnitudes.
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Figure 2.11: Magnitude comparisons GAMA V2 photometry and that derived here for all galaxies which are not flagged as blends by the
GAMA pipeline. u, g, r, i, z, Y, J, H, and k band photometry is shown in black, purple, dark blue, light blue, cyan, green, yellow, orange
and red respectively. The photometry derived here is compared to the Kron radius apertures from GAMA, with the best fit Gaussian to the
residuals shown. We are able to reproduce the GAMA magnitudes to within∼0.05 magnitudes.
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Figure 2.12: The variation of the r and H band magnitude offsets between GAMA and
that produced here as a function of blend flags. In the upper left panel, galaxies are
without a blend flag in both SDSS and GAMA. In the upper right panel, the galaxies are
flagged as blends by SDSS but no GAMA. In the lower left panel the galaxies are not
flagged as blends by SDSS but are flagged as blends by GAMA. In the lower right panel,
the galaxies are not flagged as blends by either survey.
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2.4 Conclusions
The observing of LRGs at high redshift is challenging with an optical survey such as
SDSS. Ideally, one would combine SDSS with a redder survey such as UKIDSS, which
observed within the SDSS footprint in the NIR. However, combining surveys is a com-
plex and computationally expensive procedure. To this end, we create here a method for
using catalogue level data to combine surveys.
Radial Profiles were used in order to make a mock image for all the LRGs in SDSS
DR8, UKIDSS DR5+ and GAMA DR1 which have a spectroscopic observation taken
either by SDSS or SDSS-III BOSS. These images were then degraded to a PSF of 2” via
convolution of the profile with a Gaussian in order to be consistent with the processing in
GAMA DR1. From these matched images, matched aperture photometry was measured
within apertures of fixed metric radii.
Stellar masses were calculated by fitting to an M09 template to this photometry and
compared to the stellar mass resulting from fitting to the GAMA photometry. The masses
were found to be consistent, with the scatter created by age discrepancies, driven by
colour errors. The scatter between the two masses was found to have a zero offset for a
20kpc radius aperture, and a scatter of ∼0.2 dex.
We also compare to the GAMA V2 photometry by deriving photometry within the
same aperture. The method is able to reproduce their magnitudes to within ∼0.1 magni-
tudes for all galaxies, which is then reduced to ∼0.05 magnitudes when blended sources
are removed. This offset is constant across all bands, meaning that our method produces
consistent colours with the GAMA photometry. Removing all galaxies that have blend
flags for both SDSS and GAMA reduces this further, with r and H band offsets of ∼0.02
and ∼0.04 magnitudes respectively.
The matched photometry was created using less than 10 minutes of processing time
on the SEPNET Computing Infrastructure for Astrophysics Modelling and Analysis,
SCIAMA, showing the power of this method and its potential for matching large surveys,
either current, such as the two used in this Chapter, or for application with upcoming sur-
veys e.g. DES.
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Annulus Outer radius (”)
1 0.222
2 0.669
3 1.03
4 1.73
5 2.97
6 4.59
7 7.36
8 11.3
9 18.0
10 27.9
11 43.8
12 68.3
13 107
14 167
15 258
Table 2.1: The radii of the bins from the SDSS Photoprofile table
Band Slope Intercept
u 0.617 ± 0.006 0.136 ± 0.009
g 0.633 ± 0.006 0.105 ± 0.009
r 0.632 ± 0.006 0.102 ± 0.008
i 0.637 ± 0.005 0.090 ± 0.007
z 0.637 ± 0.006 0.092 ± 0.008
Table 2.2: The best fit linear scaling relation for single Gaussian FWHM and SDSS
psfwidth
Chapter 3
Measuring the Near Infrared Flux of
Post-Starburst Galaxies
Abstract: In this chapter, we use optical and NIR photometry to test the validity of us-
ing the models of Maraston et al. (2005). This was motivated by the work of Zibetti et
al. (2013), who find from using optical and NIR spectroscopy of post-starburst galaxies
that their data are more consistent with the models of Bruzual & Charlot (2003), and
that M05 models are not capable of matching their NIR fluxes. We revisit their analysis
using combined SDSS optical and UKIDSS NIR imaging of the 12 galaxies within the
SDSS+UKIDSS footprint and a similar set of BC03 and M05 Composite Stellar popu-
lation models. We show that our data are on average brighter in the NIR than the Z13
spectroscopy, suggesting that there is a small calibration error in the Z13 dataset. Our
data are also capable of reproducing the NIR flux levels of models fit to the optical pho-
tometry. We also reproduce their comparison of both optical and NIR Rest-frame colours
and line strengths from the optical spectrum. Our CSP models are capable of spanning
the majority of the data points for all models tested, with fewer outliers in the case of the
M05 models.
3.1 Motivations
Stellar population models of galaxies have proven to be a powerful tool for measuring
galaxy properties. By fitting models to observed galaxies’ Spectral Energy Distributions
(SEDs), one can infer the most likely properties of a galaxy’s stellar population, and can
50
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convert from observables (magnitudes, colours) to physical quantities (mass, absolute
magnitude, age).
Fitting these models to data is a non trivial task. There are many free parameters, typ-
ically dust extinction, age, star formation history, IMF and metallicity. Even with high
resolution spectra, the models are prone to degeneracies (Maraston & Stro¨mba¨ck, 2011),
making determinations of the physical properties of a fit complex. A further complica-
tion is the choice of which set of models to use, with models differing in how different
stellar types are incorporated. Two of the most widely used sets of models are those of
(Maraston, 2005) and (Bruzual & Charlot, 2003). One crucial difference between these
models is the M05 models’ inclusion of Thermally Pulsating Asymptotic Giant Branch
(TP-AGB) stars, which contribute to significant amounts of a galaxy’s flux at ages at
which this phase is energetically relevant (in the case of the M05 models this is between
0.2 and 2 Gyr). This contribution can be difficult to constrain with many galaxy surveys
as TP-AGB stars are predominantly bright in the NIR and their lifetime is only ∼3Myr.
The M05 models’ inclusion of these stars results in a better agreement between the mod-
els’ colours and those of high redshift galaxies (Maraston, 2005). However, there have
since been contrasting claims regarding the contributions of TP-AGB stars and therefore
the validity of these models (Riffel et al., 2008;Macarthur et al., 2010; Zibetti et al, 2013).
In this chapter we focus specifically on the work of Zibetti et al (2013) (Z13 here-
after). Z13 measured the NIR spectra of a sample of galaxies in the H and K bands using
the ISAAC spectrograph on the VLT in an attempt to further constrain the contributions
of TP-AGB stars. The galaxy targets chosen for this task were SDSS galaxies which have
recently undergone a burst of star formation. These Post-Starburst galaxies are a power-
ful tool for this task, as they feature a young stellar population on top of an underlying
older population, which means that TP-AGB features should be present in the NIR spec-
troscopy and the contribution of this phase can be measured as a test for different stellar
population models, namely the BC03 and M05 models. A caveat on this test is that the
young population could be a small contribution to the galaxy’s mass, and therefore the
appropriate selection of models for comparison with the data is necessary in order to pro-
vide a meaningful comparison.
In their analysis, they used both SDSS optical spectroscopy in combination with their
own NIR spectroscopy, and compared the measured NIR flux levels to that of a model
which is fit to the optical spectrum and then extrapolated in to the NIR. The models used
for this comparison were both Single Stellar Populations (SSPs, a single generation of
stars formed at the same time), and Composite Stellar Populations (CSPs, in this instance
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Figure 3.1: A comparison of a galaxy’s measured spectrum to model spectra fit to the
optical spectrum and extrapolated into the NIR. The left panel shows the fit of the data to
BC03 models, and the right panel shows the fit to M05 models. Source: Figure 10 from
Zibetti et al (2013)
a single generation of stars formed in one instantaneous burst on top of an older popu-
lation) of varying metallicities, with the metallicity of the old component as either solar
(equal to that of the sun) or the same as the young component. They claim a BC03 SSP
is consistent with the observed NIR flux, whereas all the M05 models are too red and are
therefore not a realistic stellar population model. This is the conclusion drawn from their
plot shown here in Figure 3.1, where models are fitted to the optical data and extrapolated
in to the NIR, where the best fit BC03 models are more consistent with their data than
their best fit M05 models. They do not comment, however, on the fact that the galaxies,
selected to be CSPs, are most consistent with a BC03 SSP model.
They also compare other observed properties (colours, line strengths and the strength
of the D4000 break) with those of models. The models used here are SSPs of a range
of metallicities of 1/20,1/2,1 and 2 solar, and CSPs of the same metallicity range but of
either a burst fraction of 10% or 50%. Their figure for the 10% burst fraction CSP is
shown in Figure 3.2. In this figure, the BC03 models are capable of spanning the full
space occupied by their data, whereas the M05 models can only intercept some of the
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Figure 3.2: Comparison of optical-NIR colours to the spectral features (left and middle
panels) and optical colours (right panels) measured by Z13. The galaxy data is shown
with black points, and the coloured lines show the tracks taken by CSPs consisting which
consist of 90% 10-Gyr old stellar population plus 10% young stars. The tracks (blue with
upside-down triangles, green with diamonds, orange with circles and red with crosses)
correspond to metallicities of 1/50, 0.4, 1 and 2.5 solar, respectively, for the BC03 models
(upper row), and to metallicity of 1/20, 0.5, 1 and 2 solar, respectively, for the M05
(labelled ma05 here) models (bottom row), with both the stellar components at the same
metallicity. The age of the young component varies from 0.3–10Gyr, with the star symbol
marking the 1Gyr population.Source: Figure 9 From Zibetti et al (2013).
data points. From this they conclude that the treatment of the TP-AGB stars in the BC03
models is more realistic than that of the M05 models. However, they do not densely ex-
plore the parameter space of age, metallicity and burst fraction, which could reveal that
the BC03 models are simply more degeneracy-prone than M05 if the M05 models are
capable of reproducing the data within a subset of this parameter space which they have
not explored.
When testing sensitive intricacies in the models with observational data, one must
have complete data from the optical to the NIR. It is of particular importance to have
accurate data in both optical and NIR which has been calibrated correctly in order to
eliminate offsets between bands, both absolute and relative. This can be a challenging
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with spectroscopy when the spectra have been taken on different instruments with no
overlap between the optical and NIR, of particular importance here as the spectrographs
are of different designs. The SDSS spectrograph used here is a 3” fiber, whereas the
ISAAC spectrograph is a 1.5” slit, which will introduce aperture effects which can be
complicated to account for. However, using broad band photometry is a better controlled
process with regards to controlling such systematics. Whilst one loses the fine details
gained by the high wavelength resolution of spectroscopy, one gains better control of the
effects of the PSF of the imaging and aperture effects.
Another key feature when analysing a data set such as this is exploring a physically
appropriate parameter space of models. Whilst using a single stellar population is a
“pure” method of comparing models, as only one period of their evolution is being com-
pared, this may not be an appropriate choice for a post-starburst galaxy. This is because
a post-starburst galaxy should consist of an old stellar population in addition to the re-
cent burst. Thus fitting a single component model to a galaxy which should have at least
two stellar components is not necessarily an indication of whether the model’s stellar
makeup is correct. Z13 do address this by comparing both SSP and CSP, but only choose
two burst fractions and metallicities and thus a more dense exploration of the parameter
space may reveal a more appropriate set of models.
In light of this, we have chosen to explore a re-analysis using SDSS+UKIDSS pho-
tometry from imaging data in order to eliminate aperture and seeing effects and have
better control over relative offsets due to aperture and seeing variations; indeed the very
same systematics that the method outlined in Chapter 2 was designed to eliminate. This
data can then compared to a set of CSP models (provided by D. Thomas) using the full
physical parameter space of age, metallicity and burst fraction in order to investigate the
models’ ability to explore this full parameter space.
3.2 Data
3.2.1 Imaging
In order to have precise measurements of the galaxies’ flux from u- through to K-band, in
this chapter I carry out a full image analysis usind data from a range of utilities. Images
used here were taken from the Sloan Digital Sky Survey (York et al., 2000, SDSS) and
the UKIRT Deep Sky Survey’s Large Area Survey (Lawrence et al., 2007, UKIDSS). The
UKIDSS photometric system is described in Hewett et al. (2006) and the calibration de-
tails given by Hodgkin et al. (2009). For this work, we use data from the UKIDSS Large
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Area Survey (LAS), which consists of YJHK photometry on up to 4000 deg2 of the SDSS
imaging footprint to limiting (AB) magnitudes of 21.1, 20.9, 20.2, and 20.3 respectively.
UKIDSS magnitudes are originally calibrated to the Vega system, but herein we always
use the SDSS AB photometric calibration using the conversions given in Hewett et al.
(2006). The UKIDSS data used in this paper was obtained from their science archive as
described in Hambly et al. (2008).
The images containing each Z13 object were downloaded from the SDSS and UKIDSS-
LAS imaging archives. For each object, the image set was then cropped and blank space
added using the swarp utility Bertin et al (2002) such that they were the same area and
dimensions as the r-band image.
Photometry was measured using SExtractor and compared to aperture photometry
from the surveys’ catalogues. In the case of SDSS catalogues, this involved integrating
the photoprofile annular flux bins in order to give aperture photometry, and in the
case of UKIDSS data this was simply the de-corrected apermags (by default, the Aper-
mag photometry contains a correction to make it a total magnitude based on the PSF of
the field). These were then convolved to 2” seeing and photometry measured within a
3” radius aperture using SExtractor in dual image mode. Dual image mode allows the
use of a detection image and a measurement image. The advantage of this over single
image mode is that it enables the use of a deeper image for object detection, and these
positions are then used for flux measurements in the other images, which allows better
photometry for faint sources. Here, the r-band is the deepest imaging, so this was used
as the reference image for all other bands. Our methodology closely follows that of the
GAMA survey (Hill et al. (2011)), which also used SDSS+UKIDSS images for matched
aperture galaxy photometry from u- to K-bands.
SExtractor
SExtractor (Bertin & Arnouts (1996)) is software for the detection of sources and the
measurement of photometry from images, oriented towards large galaxy surveys. To
briefly summarise, it works by taking an image, subtracting background, finding sources
and then measuring in photometry. A more detailed summary of the individual stages is
displayed in Figure 3.3.
Constructing a background map is done by effectively creating a lower resolution
version of the image. This is referred to as a mesh, and the resolution of this mesh can
be adjusted using the BACK SIZE keyword parameter. The values of the background
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mesh’s elements are measured, their mean and standard deviation measured and the cells
which deviate largest from the mean are masked. The mean and median are then recom-
puted, and the masking iterated until all values lie within 3σ of the median in order to
make the distribution approximately Gaussian. This is carried out in order to remove
any exceptionally bright mesh elements being used, as these are likely to be an astro-
nomical source. In non-crowded fields (defined as σ changing by more than 20% during
this process), the background value is then taken to be the mean of this distribution and
for crowded fields the mode used. A median filter, the size of which can be specified
using the BACK FILTERSIZE parameter, is then applied in order to suppress local
background overestimation. The background map is then created by interpolating with a
bi-cubic spline between the grid meshes, providing a smoothly varying background esti-
mate which can be integrated and subtracted from any photometry measurements made
on the image.
The image is then filtered in order to improve detectability close to the noise limit of
the image. This consists of convolving the image with the PSF flipped over the x and y
directions. This improves detectability as the power spectrum of the noise and the useful
data should be significantly different. The filtered image is then analysed to find con-
nected groups of pixels above user-determined threshold.
The sources found in the filtered image are then found in the unfiltered image and de-
blending (separation of overlapping objects) occurs. This is done by finding sub-objects
where the pixel intensity of a group of pixels within an object is greater than a certain
fraction (0.005) of the total intensity of the composite object. The contribution from each
sub-object is then found by fitting a bivariate Gaussian to its profile and converting this
into a probability that each pixel belongs to the sub-object. This deals with object mor-
phology at the pixel level in a purely statistical method.
There is the option of applying a weight-map to the image in order to apply correc-
tions e.g. flat fielding at this stage. This option was not used in this work as the images
being used were fully reduced and calibrated.
The software then performs photometry measurements on the objects in a range of
apertures whose properties are defined by the user. Used in this work are fixed-aperture
magnitudes, where the flux above the background level is measured within an aperture.
Each pixel is subdivided into 25 sub-pixels to reduce the effect of losing flux due to the
truncation of pixels at the edge of the aperture. These magnitudes are then output into a
catalogue file along with the object’s coordinates and other properties (radii, coordinates
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etc.) computed by the software, which we use as a final catalogue.
Optical Images
For each object included in the Z13 analysis, the individual SDSS frames (Stoughton
et al., 2002) were downloaded. These are 2048 x 1489 pixel images at 0.4”/pixel resolu-
tion, giving dimensions of 13.7 x 9.9 arcmin, an area of 0.0376 deg2. These are calibrated,
sky-subtracted images, of the same area per band, giving us u, g, r, i and z band images
with depths of 22.3, 23.3, 23.1, 22.3, 20.8 AB respectively taken from DR8 (SDSS-III
Collaboration, 2011), which featured a complete re-processing of the complete SDSS
imaging footprint in order to achieve more accurate calibrations.
It is important to reproduce the data used in the Z13 analysis as closely as possible
in order to sample the same areas of the galaxy as they were analysing. As SDSS optical
spectroscopy was used, it is necessary to reproduce the flux at the spectrograph closely
as possible using the images in order to negate the potential effects of stellar population
gradients. To achieve this, we follow the SDSS methodology for creating the fibermag
photometry, whereby the images are convolved to 2” seeing in order to replicate the
PSF at the spectrograph, and integrated within an aperture of the same diameter as a
spectroscopic fiber (3”). This is achieved by measuring the PSF of the image, σi, then
convolving the image with a Gaussian of FWHM σc, given by;
σc =
√
22 − σ2i . (3.1)
The photometry extraction package SExtractor was then used to measure photometry
within a 3” diameter aperture, the details of which are described in 3.2.1.
Differences in the machinery used for photometry measurements can cause large de-
partures between the fibermagmeasured here and those by SDSS. One such difference
is the SExtractor parameter sets. Of the many parameters, it was found from comparing
aperture photometrymeasured on the unconvolved field with integrated photoprofile
profiles that the default parameters were inadequate for accurately reproducing the SDSS
aperture photometry. To minimise this deviation, many parameters were checked.
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Figure 3.3: A flow diagram showing the main procedures used by SExtractor. Dashed
arrows are optional inputs, which were not used in this work. This figure is taken from
the SExtractor manual.
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The parameter with the strongest influence was the BACK SIZE parameter, which
which adjusts the size of the background mesh’s resolution for object detection and back-
ground measurement. We iteratively modified this resolution in order to minimise dis-
crepancies between the SExtractor photometry and that from SDSS. The results using
the final SExtractor parameter set is shown in 3.4. The results agree to high precision for
apertures within a 7” diameter, after which the results diverge. Given that analysis is car-
ried out using 3” diameter apertures here, the effects of this divergence will not influence
the results.
Also highly influential is the type of background subtraction. SExtractor has two
modes of background subtraction, local and global. The local type uses an annulus
around each detected object to measure the background level instead of the global type’s
smoothly varying background estimated from the full image. The difference in these
types is shown in Figure 3.5, where it can be seen that the differences between the SDSS
and the SExtractor photometry are more Gaussian at faint magnitudes for a global type
background, which was used for the final data.
Another highly influential effect on photometry is the image PSF. The SDSS pipeline
measures the PSF by fitting a double-Gaussian, and giving an effective single Gaussian
PSF. Attempting to reproduce this via a single-Gaussian fit to point sources results in an
offset between the fibermags and the magnitudes from SExtractor which varies with
both band and field (as was discussed in Chapter 2), so the SDSS psfwidth quantity
from the pipeline was used for each frame instead. This yields fibermag colours within
0.07 magnitudes of those from the SDSS pipeline, as can be seen in Figure 3.6.
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Figure 3.4: A comparison of the aperture magnitudes to the integrated
photoprofiles as a function of aperture size, shown in the upper left corner
of each plot. The magnitudes agree up to a 7” diameter, after which the integrated
photoprofiles become much fainter. The apertures used here are 3” in diameter, so
are within the regime where agreement is good.
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Figure 3.5: A demonstration of the sensitivity of the photometry to the background
subtraction settings. The upper panel shows a local type background subtraction, and
the lower panel a global type background. The left hand panels show the difference
between the aperture magnitudes produced here and those from the integrated SDSS
photoprofile data and the right hand panels show their distribution. The red data
points are for galaxies and the blue data points are for stars. The fainter regions behave
much more like the SDSS pipeline in the case of a small background mesh and a global
type background than for a local type background.
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NIR images
In a similar way to the SDSS images, the UKIDSS frameset containing each Z13 object
was downloaded from the WFCAM Science Archive. This is the UKIDSS equivalent of
an SDSS Frame, and consist of images of 2017x1899 pixels at 0.4”/pixel for Y, H and K
bands, and 0.2”/pixel (and therefore of double size) in the J band, giving dimensions of
806.8x759.6 arcsec and an area of 0.0473 deg2.
Again, the SExtractor keywords were adjusted in order to minimise any offsets be-
tween aperture magnitudes from the survey’s imaging pipeline and those from SExtractor.
Most of the parameters were found to perform well with their default values, although
it was necessary to correct the magnitude zero point from the images’ FITS headers in
order to correct for the fact that the exposure time was not taken into account in images’
header. A requirement for the use of SExtractor’s dual-image mode is that both the ref-
erence and the measurement images are of the same size and centred on the same area.
To enable the UKIDSS images to be measured with the SDSS r-band image used as a
reference image (chosen as it is the deepest image), the SWARP utility was used. This is
primarily software for the co-addition of images, but it can be used to align an image to
another’s fits header by cropping and adding blank space. The SWARP utility was used
in order to make all UKIDSS images the same area and alignment as the SDSS r-band.
Point sources were identified to measure the PSF of the image. This was achieved us-
ing the background flux level from the image header, and identifying objects more than
5σ above this background, which are approximately circular and do not deviate largely
from a Gaussian in profile. This avoids imaging artefacts being used, which should be
non-Gaussian in profile. A Gaussian was then fit to each of these point sources and the
median of the Gaussian widths of all point sources within the image used as a measure-
ment of the field PSF.
Equation 3.1 was then used to calculate the width of the Gaussian to convolve the
field with in order to give a PSF FWHM of 2”, and photometry measured with SExtractor
using the r-band as the reference image.
In Figure 3.7 we show cutouts around each of the twelve Z13 galaxies used here,
taken from our final convolved images.
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Figure 3.6: A comparison of fibermags from the image processing performed here
(labelled ”Tim”) and those of the SDSS pipeline. The upper figure shows the magnitudes
(u,g,r,i and z in black, purple, blue, yellow and red respectively) and the lower figure
shows the r - i colours. Left hand panels show the Z13 galaxies, and right hand panels
show this result for all objects within the fields.
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Figure 3.7: 20 arcsec x 20 arcsec images of each of the Z13 (arranged vertically) with
images shown in each band from u (left) through to K (right). It should be noted that
each band has been scaled to the highest pixel value in the image, and black squares
show areas where photometric data was not available.
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3.3 Fitting Models To Our Data
The key results of Z13 were the fact that their set of BC03 models were able to span
the parameter space of the data, in both line strengths and colours, and that their NIR
data was significantly fainter than that of M05 models. The motivation for producing
this data set was to be able to test the relative calibration of their NIR spectra, as they
have no overlap between the two spectral regions which makes the relative calibration
of these spectra challenging. We also test whether their conclusion is still valid when
presented with a different set of CSP models, where rather than simply assuming a par-
ticular fraction of the galaxy’s mass to be formed from young stars and varying the age
and metallicity of this young population, we also allow the relative fractions of the old
and young populations (“Burst Fraction”) to vary.
In order to check the relative calibrations of the data, we compare our normalised
SEDs with those of Z13. For Z13 these were the normalised flux levels of the spectra
in both the optical and the NIR, normalised to the median of the rest frame spectrum
around 5500 Angstroms (the actual value used to normalise being the median flux of the
rest frame spectrum between 5480 and 5520 Angstroms). In their analysis, they compare
these normalised rest-frame SEDs to those of a set of models fit to the optical and extrap-
olated into the NIR. They find that the best fit comes from a BC03 SSP, and that all the
M05 models tested are redder than the data, and show strong AGB features not present
in the spectra.
Our comparison to their SEDs is normalised to the best fit template flux at the same
wavelengths as their analysis (5500 Angstroms), in order to reproduce their methodology
as closely as possible. We find that the flux levels in the NIR are similar, with a tendency
for our H- and K-band photometry to be brighter than their spectroscopy at these wave-
lengths, with 9 of the 12 galaxies showing a NIR flux excess which varies from a few %
up to as much as 10%. This can be seen in Figures 3.8 and 3.9, which show each Z13 ob-
ject with both M05 and BC03 models fitted to either just the optical data and extrapolated
into the NIR (blue line), or a full fit to both the optical and NIR photometry (red line)
via the HyperZ fitting routine whilst allowing for up to 1 AV of dust reddenning using a
model from Calzetti et al. (2000). Approximate fluxes from the Z13 data in the NIR are
shown by the grey bar. It is clear from this comparison that our data are brighter in the
NIR, and that both the M05 and BC03 models are capable of agreeing with the data both
when fit to the optical and extrapolated, and when fit to all the data, with full fits having
χ2 of less than 1 for both sets of models. As it is easier to do a relative calibration of
photometric data (due to wider fields containing more objects such as stars with which
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colours can be calibrated), this implies that either their spectroscopy is mis-calibrated or
that they have not fully accounted for the different amounts of flux captured in the 3”
fiber at a PSF of 2” and the 1.5” slit at a PSF which they describe as having a PSF of ”1.4
arcsec or better” in the ISAAC spectrograph, implying that there could be an aperture
effect.
The fact that they find that the best fitting model is an SSP when the galaxies should
be post-starburst suggests that their modelling is not an accurate depiction of the physics
of the scenario, whereby an old galaxy has undergone a recent phase of star formation.
This is because an SSP will not reflect the bi-modality of the ages of the galaxies’ stellar
populations.
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Figure 3.8: Spectral energy distributions of the Z13 galaxies. In red is the best fit M05
model to the full SED, and in blue is the best fit M05 model to the optical, extrapolated
into the NIR. The black data points correspond to the data points from our analysis from
the SDSS+UKIDSS pixel data, and the grey region shows the upper limit on the NIR flux
determined by the Z13 spectroscopy. There is a small systematic trend for our data to be
redder than that of Z13.
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Figure 3.9: Spectral energy distributions of the Z13 galaxies. In red is the best fit BC03
model to the full SED, and in blue is the best fit BC03 model to the optical, extrapolated
into the NIR. The black data points correspond to the data points from our analysis from
the SDSS+UKIDSS pixel data, and the grey region shows the upper limit on the NIR flux
determined by the Z13 spectroscopy. There is a small systematic trend for our data to be
redder than that of Z13.
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We also explore a comparison of the data to a set of models where metallicity, age
and burst fraction are all allowed to vary, accounting for the fact that the galaxies are
likely to have differing fractions of old and young stars as well as the fact that the young
stars are likely to be of differing metallicity to the older generation. We explore this using
CSP models (provided by D. Thomas, private communication) where the burst fraction
varies from 1% through to 10%. We also create rest-frame k-corrected colours for the
Z13 galaxies. These are made by taking the best fit stellar population template for each
set of BC03, M05 and M13 models. M13 (Claudia Maraston, private communication) is
a new, as yet unpublished, set of models. It is based on the M05 models, differing only
in that it features a lowered contribution from the TP-AGB phase, measuring the change
in band fluxes as the redshift is lowered from the galaxy’s redshift to z=0, and applying
this change to the galaxy’s observed colours.
The comparison of our data to this set of CSP models is shown in Figure 3.10. This is
a comparison similar to that produced by Z13, where rest-frame optical and optical-NIR
colours from our imaging are compared to the strength of the Balmer lines HδA + HγA,
measured by D. Thomas using the SDSS optical spectroscopy. Shown in different rows
of this figure are CSP stellar population models from M05, M13 and BC03, with burst
fractions which vary from 1% to 10%.
For the Balmer line strength vs optical-NIR colour plots, the M05 models have the
fewest outliers from the parameter space, and the outliers are less deviant from the pa-
rameter space than for the M13 and BC03 models. This is shown again in the Balmer line
strength vs optical colour plots, although the M13 models agree better with the parameter
space of the models in this bluer color. All 3 models behave similarly in the colour-colour
space, with the models showing strong degeneracies.
For the M05 models, the data fit within the area of the models, with two points on the
strong-burst edge of this parameter space, and colours are consistent within the errors.
This is also true for the M13 models, although the r-H colours and line strengths of two
galaxies are at tension with the models shown, and possibly need a stronger burst fraction
in order to fit these data.
The BC03 models, however, do not display such simple variation with burst fraction
and map out a more complex area, which does not reproduce the properties of three of
the galaxies, and many of the others are on the edges of the area spanned by the models,
displaying some tension. The M05 models shown are the best at reproducing the data
here due to the fact that there are fewer outlying data points, and that these outliers are
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still remarkably close to the area of the models.
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Figure 3.10: A comparison of CSP line strengths and rest frame colours to those of the Z13 galaxies measured here from SDSS+UKIDSS
photometry and SDSS spectroscopy. The leftmost column shows the strength of the Balmer lines against rest frame r-H colour, the middle
column the strength of the Balmer lines against the rest frame r-i colour and the right column the rest frame r-i versus rest frame r-H colour.
Coloured lines show composite stellar populations consisting of a range of young fractions of 10, 5 and 1 % in blue, green and red lines
respectively. The solid points are the data for the 12 Z13 objects described herein. Each row of plots corresponds to the indicated stellar
population models used for the coloured lines and the k-corrections. Colours have errors of ∼0.05 magnitudes. Source: D. Thomas (private
communication)
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3.4 Conclusions
We revisit the analysis of Z13, whereby the authors use optical and NIR spectroscopy
in order to assess the impact of TP-AGB stars on a set of post-starburst galaxies. These
are old galaxies which have recently undergone a phase of star formation, and therefore
have a range of ages in their stellar population, and are suitable for testing the impact
of TP-AGB stars on their spectra by fitting stellar population models to the data. We
revisit their analysis using combined SDSS optical and UKIDSS NIR imaging of the 12
galaxies within the SDSS+UKIDSS footprint and a similar set of BC03 and M05 Stellar
population models.
We show that Z13’s data are lacking in flux in the H and K bands, which they were
using to conclude that the phase has too strong a contribution in the M05 models. In-
stead, our data are able to reproduce the NIR flux levels of the models, indicating a small
calibration error in their NIR spectroscopy. This is plausible, as Z13 do not mention that
they account for aperture effects caused by the fact that the spectrographs are of differ-
ent design, one being a 3” diameter fiber and the other being a 1.5” long slit, with both
instruments being at a different PSF.
We also reproduce their comparison of colours and line strengths with both optical
and NIR colours, where line strengths were calculated from the SDSS optical spectrum,
or measured for a CSP model spectrum with variable age, metallicity and burst fraction.
Our analysis is able to span the locus of the data in these parameter spaces for M05 and
M13 models, but less well for BC03 models, which have a greater number of data points
outside the space of the models, and these outliers deviate more strongly than for the M05
or M13 models. We conclude that the optical-NIR SEDs of these galaxies are supportive
of the strong TP-AGB phase exhibited by the M05 and M13 models.
Chapter 4
The Stellar Masses of Galaxies at 0.6< z
< 1.2 from the AAOmega UKIDSS
SDSS (AUS) Survey
Abstract: Using the method fromChapter 2 and stellar populationmodels consistent with
the data from Chapter 3, we calculate stellar masses for the ∼5500 massive galaxies at
redshifts 0.6<z<1 measured by the AUS survey over ∼145deg2 of equatorial sky. We
calculate the stellar mass function of these galaxies, and find that the sample is complete
for stellar masses greater than Log(M∗/M⊙) = 11.66, with a massive galaxy population
extending to stellar masses beyond Log(M∗/M⊙) = 12.2 . This stellar mass function is
consistent with the high redshift tail of the BOSS stellar mass function and supportive of
the hypothesis that the most massive galaxies are evolving passively from redshift z=1 to
the present day.
4.1 Introduction
The galaxy Stellar Mass Function (SMF) is a powerful statistic in constraining galaxy
evolution models, and in effect a modern-day update on the commonly used Luminosity
Function. Measuring the number density of galaxies as a function of mass (or luminos-
ity) and redshift is a simple statistic to calculate, with the only complexities coming from
the calculation of the masses and volumes (via modelling). In spite of this simplicity, it
enables one to detect the stellar mass evolution of galaxies, and to infer whether changes
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Figure 4.1: Observed SMFs compared to those from semi analytical modelling. The
observed data show no evolution beyond passive over this redshift range. Source: Figure
20 from Maraston et al. (2013)
in the SMF are due to either merger events or star formation. Merger events are identi-
fiable since two or more galaxies merging to form a more massive galaxy will cause the
number of lower mass galaxies to decrease in order to increase the number of higher mass
galaxies. Star formation is identifiable as galaxies will simply grow in mass with no ef-
fect on the number density. Alternatively, the galaxies may simply be undergoing passive
evolution, whereby galaxies are simply ageing without forming new stars or merging.
At present, the SMF of galaxies has been measured out to redshift z∼4. The 2dF
Galaxy Redshift Survey (Cole et al, 2001) measured the present-day galaxy SMF with
17173 galaxies out to redshift z∼0.2, a result that was then repeated using the larger
SDSS (Li & White, 2007) DR7 catalogue, consisting of 486,840 measured redshifts over
the same redshift range. The 2SLAQ survey later provided a measure of the galaxy SMF
from redshift z=0.4 to z=0.8 using 8,625 Luminous Red Galaxies, a measurement also
made using the SDSS-III BOSS survey (Maraston et al., 2013) using 400,000 galaxies
from redshift z=0.2 to 0.7. All findings are consistent with a high mass end which is
consistent with passive evolution, with only the lower masses showing any signs of star
formation or merging, as shown in Figure 4.1. To see any evolution beyond passive at
the high mass end, one must look at the SMF of galaxies at higher redshift, with recent
findings (Fontana et al., 2006; Muzzin et al., 2013) showing that the massive end of the
mass function grows from redshift z∼4 to z∼1.5, beyond which it is consistent with pas-
sive evolution.
This picture of the high mass end of the SMF being in place by redshift z=2, and
undergoing passive evolution up to the present day, whilst the lower mass end contin-
ues to show evolution, is in contrast to the picture which emerges from the hierarchical
model of structure formation, where all galaxies are formed in dark matter haloes which
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merge from high redshift to the present day, meaning that the highest mass structures
are assembled at late times. Instead, galaxies are observed to undergo downsizing, where
galaxy evolution through both star formation and mass assembly occurs more rapidly and
at higher redshift for the most massive galaxies, and vice versa for lower masses (Peng
et al., 2010; Renzini, 2006, 2009; Cimatti et al., 2006). Downsizing requires extra baryon
physics to be put in place when modelling galaxy formation from gas within dark matter
haloes assembling hierarchically. Currently, models use feedback processes to both heat
and expel gas from within galaxies in order to quench star formation. However, these
processes are poorly understood and are in need of further refinement before they are
fully capable of regulating the star formation in galaxies in such a way that fully repro-
duces mass function evolution (Maraston et al., 2013; Henriques et al., 2013).
The most massive galaxies are of particular interest for numerous reasons: The old
stars contained within them forming at earlier times are challenging to model, the inde-
pendence of their properties to that of the environment (Peng et al., 2010; Thomas et al.,
2010), and the chemical properties of their stellar populations can be a challenge for
models (Maraston et al., 2013; Worthey et al., 1992). It is therefore the transition period
of redshift 0.5 to 1.5 which has come under the attention of recent studies (Maraston
et al., 2013; Davidzon et al, 2013; Moustakas et al., 2013), as constraining the point at
which the highest mass galaxies begin a solely passive evolutionary phase is an important
observation, providing a precise timescale by which all processes relating to gas physics
must have finished quenching star formation.
There are two approaches to constraining galaxy evolution via a mass function mea-
surement. One can either do a shallow survey and gain a complete sample of the SMF
from the highest masses down to low mass galaxies, or one can push to higher redshift
in order to seek out the redshift at which the high mass end shows noticeable evolution,
and find the epoch at which star formation is quenched in the most massive galaxies.
Observationally there are challenges present at all redshift ranges. At low redshift, even
the volume enclosed by a large area survey can be insufficient at detecting large num-
bers of galaxies of the highest masses, leaving the most massive galaxies in the universe
poorly constrained. At all redshifts the lowest mass which can be measured accurately
is dictated by the survey’s magnitude limit. This becomes problematic at high redshift,
where small area surveys can sample large volumes within a small redshift range, which
should result in a large sample of high mass galaxies. However, these are subject to sam-
ple variance due to their small area, and also tend to only sample the highest masses as
low mass galaxies are fainter than the magnitude limit of the sample.
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The magnitude limits of typical large surveys present other problems, as even the
most massive galaxies are faint at high redshift, therefore spectroscopy is difficult. Pre-
cise stellar masses can also be difficult if one is only using optical imaging (e.g. the SDSS
survey), as the most massive galaxies are both intrinsically red and at high redshift. In-
deed, at redshift z=0.6 (the upper end of the redshift distribution of the BOSS survey),
the D4000 break is half way through the observer’s frame r-band, giving only 3 bands
with sufficient flux detected to use for fitting to Spectral Energy Distributions. However,
combining with the UKIDSS Large Area Survey (Chapter 2) provides an additional four
bands to which one can fit stellar population models, thus providing better constraints
on stellar properties. This is the approach used in this chapter, where the galaxies in the
AUS survey are used to measure the high mass end of the SMF out to redshift z=1.
The outline of this chapter is as follows: Sections 4.2.1 and 4.2.2 contain an outline
of the photometric data. Section 4.2.3 contains a description the survey and final red-
shift catalogue. Section 4.3 describes the calculation of the SMF and presents the mass
functions and a comparison with the AUS stellar mass function to that of Maraston et al.
(2013) in order to test whether the high mass end of the SMF is undergoing evolution
beyond passive. All magnitudes quoted are in the AB system unless specified, and all
results use a flat WMAP cosmology of ΩM = 0.25, H0=73kms
−1Mpc−1 in order to be
consistent with the results of (Maraston et al., 2013) and galaxy formation models (Guo
et al, 2009; Henriques et al., 2013).
4.2 Data
4.2.1 SDSS
The SDSS (York et al., 2000) is a five pass-band photometric and spectroscopic survey of
the northern sky using a dedicated 2.5-meter class telescope at Apache Point Observatory
(APO). Utilised in this work was the deep co-added photometry available on “Stripe82”,
described in Annis et al (2011). This is 275deg2 of equatorial sky which was repeatedly
scanned by the SDSS telescope. Coaddition of all images taken during this repeat scan
period (typically ∼20 images of a given area) results in images which are up to two
magnitudes deeper than the standard SDSS imaging, giving greater signal for all sources
detected from the standard depth SDSS images as well as detection of fainter objects
within the area. This is key for this work where galaxies are as faint as z=20AB, and
thus would be near the detection limit of standard SDSS photometry. The photometric
data were taken from Data Release 7 (DR7) of SDSS-III (SDSS Collaboration, 2009), in
particular the photoprofile table which provided a measurement of the radial surface
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brightness profile of all galaxies. Also used was the DR10 redshift catalogue (SDSS-III
Collaboration, 2012), taken from spectroscopy from the SDSS-III Baryon Oscillation
Spectroscopic Survey (Eisenstein et al., 2011; Dawson et al., 2013), which is designed to
study the Baryon Acoustic Oscillations (BAO) to redshift z∼0.7.
4.2.2 UKIDSS
UKIDSS profiles from the Large Area Survey are used here to compliment the SDSS
photometry. This is useful as, even if an object is undetected in the shallower UKIDSS
bands, it provides extra constraints beyond those imposed by the SDSS photometry. Used
here are the apermag data from the UKIDSS Large Area Survey (LAS), which consists
of Near NIR Y JHK photometry of ≃ 4000deg2 of the SDSS, including “Stripe82”,
to limiting (AB) magnitudes of 21.1, 20.9, 20.2, and 20.3 respectively. The UKIDSS
project is described in detail in Lawrence et al. (2007), while the UKIDSS photometric
system is outlined in both Hewett et al. (2006) and Hodgkin et al. (2009). The UKIDSS
photometric system is calibrated to the Vega magnitude system, but herein we convert
this system to the SDSS AB photometric calibration using the method given in Hewett
et al. (2006). The UKIDSS data used herein was obtained from the science data archive
described in Hambly et al. (2008). The matching technique used is described in detail in
Chapter 2. To briefly summarise, the radial profiles were taken in every band, convolved
to 2” seeing and then integrated within a 20kpc radius circular aperture, evaluated using
the galaxy’s spectroscopic redshift and the standard cosmology from Section 4.1. Errors
are determined using the summed error on the profiles in addition to an extra error added
in quadrature from the matching method, determined using simulated data. This gives
extended wavelength coverage into the NIR for the Luminous Red Galaxies (LRGs) in
the AUS survey.
4.2.3 AAOmega-UKIDSS-SDSS (AUS) Survey
The AAOmega-UKIDSS-SDSS (AUS) Survey combines deep optical imaging data from
SDSS Stripe 82, NIR imaging from UKIDSS and deep spectroscopy from the upgraded
2dF instrument AAOmega on the Anglo Australian Telescope (Sharp et al., 2006, AAO).
Instrument
The AAT is a 3.9m telescope situated at Sliding Spring Observatory, Australia, with a
dome altitude of 1183m, originally built to facilitate the observation of both equatorial
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Figure 4.2: Left panel shows the Sliding Spring Observatory site. The
dome of the AAT is in the foreground, with the UK Schmidt Telescope vis-
ible in the background. Also visible in this image is the packing case for
the mirror, the red object at the base of the telescope. Image retrieved from
www.aao.gov.au/images/captions/misc001.html, March 2014. The right hand panel
shows the telescope itself, with the 2dF robotic fiber positioner in the foreground, image
retrieved from www.aao.gov.au/2df/aaomega/aaomega gallery.html, March 2014.
and south galactic pole fields which are of great value to extragalactic studies. The tele-
scope is contained within the large white dome in the foreground of the left panel of
Figure 4.2. When used with the 2dF instrument, this allows up to 392 simultaneous spec-
tra to be taken over 2 deg2 of sky. The 392 flexible fibers have a diameter of 2.1”, and
are configured robotically on a 2-sided rotating plate at prime focus. The 2dF instrument
and the robotic fiber positioner can be seen nearest the camera in the left hand panel of
Figure 4.2. The light is fed from the telescope into the fibers via a small prism located at
the end of each fiber, and these fibers are fed from the telescope to a thermally isolated
room containing AAOmega, with a throughput of 72% at 400nm and 96% at 800nm over
the full 38m fiber lengths.
AAOmega is a 2-arm spectrograph, located within the Coude West laboratory of the
AAT’s building. This allows the temperature of the spectrograph to be controlled such
that the effects of thermal contamination can be removed from the data. The light from
the fibers is split between the two arms of the spectrograph with a crossover wavelength
of 570nm via the use of a dichroic. This wavelength was chosen as it places the strong sky
emission line at 5577A˚in the blue part of the spectrum for relative fibre throughput cali-
bration. There is also a small overlap region between the two arms of the spectrograph,
which allows the calibration of the two spectra such that they can be combined, giving
continuous coverage from 370nm to 880nm at a resolution of R=1300. The spectrograph
itself is cooled to 158K via the use of large dewer flasks filled with liquid nitrogen. The
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Figure 4.3: The AAOmega spectrograph. The large metal containers are dewer flasks
which contain liquid nitrogen to cool the CCDs to 158K. The left flask contains the blue
spectrograph, and the red is on the right. In the centre is the dichroic beam splitter. Image
retrieved from www.aao.gov.au/2df/aaomega/aaomega gallery.html, March 2014.
instrument can be seen in Figure 4.3.
AUS observations were taken over 68 nights from Sept. 2006 through to October
2011, for which I was fortunate to be able to assist with a four night observing run in
August 2011. My observations started shortly after sunset, and 4 fields were observed
each night under seeing conditions varying from 1.1–1.7” on the final night through to
1.6–2.2” on the second and third nights. Each observation consists of a flat field, an arc
lamp, then follow the actual exposures of the field itself, followed by another flat field.
The flat fields and arc lamps are for removal of instrumental backgrounds in the red and
the blue respectively and wavelength calibration of the spectrograph, and are taken either
side of the observations in order to correct for time variance of contamination.
Also used are the calibrations of the telescope taken at the end of the previous night.
These take the form of bias frames (which are used to generate bad pixel masks), Dark
frames (observations which are free from light coming into the telescope such that a zero
point reading for the instrumentation can be taken), and long slit flat fields (where the
spectrograph is illuminated uniformly by defocussing the spectrograph during the fiber
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flat fields, giving a calibration for the CCD response of the spectrograph at a known in-
tensity).
Configure
Each field must be configured before being observed. A fiber configuration is defined
using the 2dF software configure. This is a routine which takes an input catalogue
of targets in a field and creates the list to be observed in that particular exposure. This
is subject to plate configuration constraints, which are applied in order to choose which
of the many targets in a field are to be observed. This is done by prioritising targets
according to their current redshift quality and their target group. The software then runs
through all possible plate configurations, with strict rules about how straight a fiber can
be, how many crossings are allowed, and how many sky fibers are to be allocated. The
final configuration is then sent to the telescope and prepared on the outward-facing plate,
meaning that when needed the plate can rotate and exposures can begin with only a short
time delay since the previous exposure.
Data Reduction
Observations of the AUS fields are taken with 3x2700 second exposures. These individ-
ual exposures are then reduced using 2dFDR (Croom, Saunders & Heald, 2004). This is
specialised software written to perform the following steps:
• CCD overscan corrections from the Bias frames subtracted from the data. This is
a zero point correction for the readings given by the CCDs.
• Dark frames are subtracted from the data, which is also a zero point correction to
remove thermal effects.
• The CCD images are divided by the long slit flat fields, in order to remove pixel-
to-pixel variations.
• The CCD images are further divided by the fiber flat fields, in order to calibrate the
relative response of each fiber.
• An algorithm based upon van Dokkum (2001) is employed to detect cosmic rays,
and reject contaminated data.
• Scattered light between the fibers is modelled and removed.
• The arc lamps are used to wavelength calibrate the CCDs via a polynomial fit.
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• The spectra are then sky subtracted using the median of all the sky fibers.
• The spectra are corrected for Telluric absorption by dividing by a mean object
spectrum in the regions of atmospheric absorption.
• A Principal Component Analysis (PCA) is then used to find the eigenspectra in the
data. This allows sky residuals to be removed as they are present in all the spectra,
which are otherwise unique, and are therefore eigenspectra.
• Exposures of the same spectrum have their separate red and blue components com-
bined.
• The red and blue spectra are then joined by coadding them using the overlap region.
This is largely automated, and I was responsible for running the software on each set
of observations once they were complete. I then measured redshifts on the spectra using
RunZ (Saunders, Cannon & Sutherland 2004). This is a fortran application for measur-
ing the redshifts of reduced spectra, the full details of which are described in Colless et al
(2001). A description of the algorithm used in RUNZ is given below.
Firstly, the spectra are pre-processed to remove residual errors. This involves interpo-
lating over the spectra at the locations of strong atmospheric emission lines (at 5577,
5893, 6300 and 7244 A˚). Corrections for absorption bands in both the atmosphere and
the fibers (located at 6870, 7190 and 7600A˚) are made empirically by taking the mean
of all spectra and dividing through by the best fit polynomial. The value of the region
around each absorption band, which if less than unity is used as the band correction, and
elsewhere a value of unity is used.
RUNZ measures redshifts on the corrected spectra via two independent methods: An
absorption redshift is measured from the cross correlation of the spectra to a set of spec-
tral templates, covering stars of spectral classes A, F, G, K and M, a low redshift LRG
derived from those from the SDSS LRG survey, the spectrum of NGC3379 (a local el-
liptical galaxy spectrum), the spectrum of NGC5248 (an S0 galaxy with emission line
features), and a composite galaxy spectrum with strong emission features. Also used is a
set of AGN spectra for the high redshift QSO sample, which is not featured in this work.
These templates are cross correlated with the galaxy spectra, and a quadratic function
fit to the highest peak in the cross correlation function. The quality of a redshift is then
measured using the ratio of the height of this peak to the noise in the cross correlation
function, and quality values Qa are assigned to this ratio with Qa=1,2,3,4 being R ≥3.5,
4.0, 4.5 and 5.0 respectively. The Qa=3 and 4 flags are also subject to the requirement
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that at least four templates give the same redshift to within a small error (600 kms−1).
An emission redshift is also measured via subtraction of the continuum and the fit-
ting of Gaussians to the remaining features. The lines are filtered to remove noise, and
those remaining are sorted by strength and the three strongest tested to see if at least two
are identifiable as common emission lines at the same redshift. If this is possible, then
other lines at a redshift within 600kms−1 are then sought, and the mean redshift used as
the recorded emission redshift. A quality measurement Qe is then assigned based on the
number and strength of the lines used, with Qe=0 meaning no lines found, Qe=1 for a
single weak line, Qe=2 for a single strong line or two weak lines and Qe=4 for three or
more lines.
The code then automatically chooses which of these redshifts to assign to the galaxy
according to these quality flags, with the higher quality redshift being used, and the ab-
sorption redshift being the preferred value in the case of both the measurements having
equal quality. The best of these automatic redshifts is presented to the user, along with
the cross correlation function and the common spectral features highlighted at this red-
shift. If the automatic redshift is deemed to be unsatisfactory, then the user can manually
estimate a redshift by fitting Gaussians at positions of their choosing, be it emission or
absorption features, and the manual redshift is then the mean of the redshifts from fitting
to these features. The user then assigns an overall redshift quality Q, with the following
interpretations:
• Q=1, no redshift can be estimated from this spectrum.
• Q=2, a redshift can be estimated, but further exposures of this object are required
before it can be considered a reliable measurement.
• Q=3, a probable redshift.
• Q=4, a reliable redshift.
• Q=5, a reliable redshift and a high quality spectrum.
• Q=6, standard star
These final ratings are then used to determine whether an AUS field is complete, as ob-
jects with ratings of 3 and above are not reobserved, and objects rated 2 and below are
reobserved when the field is revisited.
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Figure 4.4: A plot in r-i, i-z colour space showing the tracks of three Bruzual & Charlot
(2003) stellar population models as a function of redshift. The dashed lines show the
survey colour limits, which restrict the selection to sample only galaxies with little to no
star formation at high redshift. Source: D. Wake (private communication)
LRG Target Selection
The main science focus of the AUS survey was to take spectra of high redshift quasars
and radio galaxies using the PSF photometry available for both SDSS and UKIDSS. Used
in this work was a sample of Luminous Red galaxies (LRGs) which was observed in tan-
dem with these targets. These LRG targets were selected using SDSS stripe 82 coadd
photometry, with selection criteria defined using a series of colour and magnitude cuts
similar to other LRG selections (e.g. 2SLAQ, SDSS) defined for lower redshift galaxies
from SDSS g-, r- and i-band photometry, but shifted to the r-, i- and z-bands.
The following LRG samples were selected using the colour-colour tracks from stellar
population models, as shown in Figure 4.4.
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c⊥ = i− z − 0.257(r − i), (4.1)
c‖ = i− z + 1.2(r − i), (4.2)
deVradz < 20, (4.3)
fibermagi < 22.5, (4.4)
fibermagz < 21.5, (4.5)
zmodel < 20.0, 2.0 ≤ c‖ < 2.7, 0.32 ≤ c⊥ < 1.3 (4.6)
The constraints above use the SDSS pipeline’s modelmag photometry (denoted with
the bands’ letters), fibermags in the i- and z-band and the De Vaucouleurs radius in the
z-band. All quantities are taken from the SDSS stripe 82 coadd catalogue and the mod-
elmags are corrected for Galactic dust. The c⊥ and c‖ equations define auxiliary colours
similar to those used by other LRG samples such as the BOSS (Dawson et al., 2013)
CMASS sample. The SDSS De Vaucouleurs radius is from the best fit De Vaucouleurs
scale radius and is used as a measure of compactness. Fibermags are magnitudes within
a 3” diameter aperture at 2” seeing in the i and z bands, and are present in order to ensure
that a galaxy is has sufficient surface brightness, within the diameter of a fiber, for the
spectrograph to be able to collect sufficient signal to noise.
The final, main color cut given in Equation 4.6 defines the primary AUS LRG sample.
We note that Equations 4.3, 4.4 and 4.5 only exclude a small fraction of galaxy targets.
Also surveyed were two auxiliary samples (called “secondary” and “tertiary”) which
were used to provide extra, lower priority targets when configuring the AAOmega/2dF
instrument while also allowing the exploration of the colour and magnitude boundaries
of the primary selection. These ancillary samples make up 45% of the final observed
galaxies. These samples are also subject to the same constraints as the main sample, with
the exception of Equation 4.6. The “secondary” sample is then defined Equations 4.3–4.5
whilst also using either;
zmodel < 20.0, 1.8 ≤ c‖ < 2.7, 0.26 ≤ c⊥ < 1.3, or (4.7)
zmodel < 20.1, 2.0 ≤ c‖ < 2.7, 0.32 ≤ c⊥ < 1.3, (4.8)
meaning that this sample is either bluer (Equation 4.7) or fainter (Equation 4.8) than the
main sample.
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Finally, the “tertiary” sample is defined by Equations 4.3–4.5 in addition to the fol-
lowing colour and magnitude cuts;
zmodel < 20.3, 2.0 ≤ c‖ < 2.7, 0.32 ≤ c⊥ < 1.3, (4.9)
meaning that this sample selects fainter galaxies, with the same colour criteria as the
main sample.
In addition to these criteria, designed purely for optimal observation of high redshift
LRGs, NIR colour cuts were applied to exclude red stars which lie within the same region
of optical colours and magnitudes as the LRG selection criteria. This is necessary as
the size of the galaxies is close to the resolution limit of the surveys at high redshift,
so distinguishing extended and point sources is not possible. Where the UKIDSS LAS
imaging was available, the additional criteria applied were
H −K ≥ 0.5& J −K ≥ 1.3, (J,H,K), (4.10)
H −K ≥ 0.8, (H,K), (4.11)
J −K ≥ 1.4 (J,K), (4.12)
zpsf − zmodel > −0.3 × zpsf + 6.1 (noNIR data). (4.13)
When a target has UKIDSS apermag3 photometry in J, H, and K bands, Equation 4.10
is applied to the Vega magnitudes from UKIDSS. If H and K, but not J bands are available
then Equation 4.11 is used. If J and K but not H bands are available then Equation
4.12 is used. If no UKIDSS LAS data is available for the target, then a compactness
measure from the difference between the SDSS PSF and model photometry is applied
using Equation 4.13.
The cuts reduce stellar contamination from ∼30% down to ∼5%, whereas applying
simply the compactness criteria was only capable of lowering the stellar contamination
to >15%. Empirical tests of the criteria in Equations 4.10 – 4.13 show that less than 1%
of LRGs are excluded.
These cuts select a highly complete sample of LRGs at redshift z∼0.8, giving a pop-
ulation of the most massive galaxies in the Universe at a higher redshift than any other
spectroscopic survey of its size.
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AUS Catalogue
The passive LRG targets were merged with other AUS targets (quasars, radio galaxies,
etc) across “Stripe82” and observed as part of full the AUS programme from 2006 and
2011. The target priority order was; high redshift quasars, high priority LRGs (“pri-
mary”), low priority LRGs (“secondary” and “tertiary”), bright radio galaxies, K-excess
(KX) QSOs, faint radio galaxies, and then targets with existing redshifts. As such, all
LRGs were targeted at reasonably high priority and therefore, resulted in a high com-
pleteness across the “Stripe82” region with little spatial bias.
For the low priority LRGs, the secondary and tertiary samples were combined with
a ratio of 75% to 25% (secondary to tertiary respectively) and then further reduced the
total number of low priority LRGs by 50% to avoid overwhelming the lower priority
target classes. These selections were done at random. Over the five years of AUS, 47%
of the primary sample were assigned a fiber, while only 30% of the secondary and 7% of
the tertiary sample gaining a fiber.
The AUS fields were evenly spaced across Stripe 82 with approximately 50% overlap
between fields to allow for the observation of close pairs. Each field was observed for ap-
proximately two hours per night, or per run, close to the meridian to minimise the effects
of atmospheric differential refraction. After each observation, the data were reduced im-
mediately at the telescope (see Section 4.2.3) and the redshift success rate determined.
Moreover, galaxies with a successful redshift were removed from the target list, and the
whole field was re-configured adding in new targets (based on the priorities given above).
The re-configured field was then re-observed (on a different night or run) until the red-
shift success rate (Q ≥ 3) of the whole field reached >80% for the original set of targets
(i.e., excluding targets added through re-configuring). This innovative observing strategy
made efficient use of the AAOmega/2dF instrument, exploiting its long-term stability al-
lowing data to be co-added over many years, and ensured a high level of completeness
across the AUS fields for a wide range of target types and magnitudes.
The final AUS catalogue used here contains 5500 LRG redshifts from 0.5 <z< 1.2;
the distribution of which can be seen in Figure 4.6, over an area of 145.416 deg2; the
footprint of which can be seen in Figure 4.5. From Figure 4.7 it can be seen that different
LRG samples contribute to different regions of the mass-redshift space. The main sam-
ple consists of the most massive and high redshift galaxies, the secondary samples bluer
colour allowance contributes to the low redshift end of the survey, and the fainter mag-
nitudes allow smaller, fainter galaxies at high redshift. The tertiary sample contributes
smaller, fainter galaxies still, showing that the survey is not missing massive galaxies
which are too blue to meet the selection criteria. Combination of the AUS survey with
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lower redshift samples of similar LRGs provides a powerful dataset with which to mea-
sure the evolution of these massive galaxies over a significant range of cosmic time in
order to constrain galaxy evolution models.
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Figure 4.5: The footprint of the AUS survey, showing the 5500 LRGs which were surveyed and redshifts calculated.
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Figure 4.6: The distribution of the redshifts of LRGs from the AUS survey. As can be
seen, the survey is successful at targetting galaxies at redshifts between 0.5 and 1.2, with
a median survey redshift of z=0.8.
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Figure 4.7: Redshift against Log(Mass) for the three AUS samples. The main sample is
shown in red, the secondary sample in black and the tertiary sample in blue. As can be
seen, the bluer/fainter selection criteria in the secondary sample does not result in a sig-
nificant number of high redshift galaxies with large masses, instead adding low redshift
galaxies and low mass galaxies at high redshift, which acts as further evidence of the pas-
sivity of these galaxies. The tertiary sample also contributes to the low mass population
of the high redshift galaxies in the survey.
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4.3 Calculating the Stellar Mass Function
4.3.1 Stellar Masses
I measured magnitudes within a common aperture and under standardised seeing for the
AUS galaxies using SDSS DR7 Stripe 82 coadd profiles, UKIDSS DR9 profiles and the
method from Chapter 2, summarised in Section 4.2.2.
The matched optical+NIR photometry was then fit to a Maraston et al (2009) LRG
model template in order to calculate an age and a stellar mass. This is a template created
to match the evolution of the LRGs in the 2SLAQ survey (Cannon et al., 2006). This
was a survey of ∼15000 LRGs over an area of 180 deg2, of redshifts 0.45≤z≤0.8. It
was found that the galaxies were well fit by a global composite stellar population model.
This composite model consists of two single-burst models, the dominant component of
which (97% by mass) is at solar metallicity, and a small (3%) secondary population of
metal poor stars (0.05 the solar value). This model was found to fit all but the bluest
galaxies in the BOSS survey, and was therefore used in this work. The primary benefit of
such a model is that we are assuming a star formation history, leaving only age as a free
parameter. A further benefit is that every object used here has a spectroscopic redshift,
meaning the model can be fitted at a fixed redshift instead of leaving redshift as a further
free parameter.
Stellar masses are estimated by SED fitting, that is, comparing the observed photo-
metric SED to that of the model. The normalisation of the best fitting model provides
a measure of the galaxy’s stellar mass. One issue with the masses calculated directly
from the 20kpc aperture photometry is that this aperture does not necessarily include all
the flux of the galaxy. This is demonstrated in Figure 4.8, which shows the 20kpc aper-
ture magnitudes compared with the SDSS model photometry, with the 20kpc aperture
magnitudes on average fainter than the model photometry. This shows that they are not
representative of the total flux of the galaxy, and will therefore give an SMF which is
an underestimate of the total stellar mass of the galaxy. To correct for this effect, stellar
masses, M∗, were scaled to give a stellar mass appropriate for the total magnitude of
the galaxy, M∗tot. This was done using to the mean difference between the 20kpc radius
photometry and the SDSS model photometry, i.e.
M∗tot =M∗ +
0.4
5
∑
m=ugriz
m20kpc −mmodel, (4.14)
Where m is the measured magnitude within the aperture denoted by the subscript (i.e. a
20kpc fixed metric radius aperture or the SDSS model aperture).
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Figure 4.8: The 20kpc aperture magnitudes on the vertical axis compared with the SDSS
model photometry on the horizontal axis for u-, g-, r-, i- and z-bands in black, purple,
blue, yellow and red respectively. There is a systematic trend for the 20kpc aperture
magnitudes to be ∼0.2 magnitudes fainter than the SDSS model magnitudes, therefore
masses were scaled according to each object’s mean offset between the aperture magni-
tudes and the SDSS model magnitudes.
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4.3.2 Galaxy Weights
Magnitude limited samples are known to be subject to the Malmquist bias, whereby
brighter objects can be seen at a greater range of distances than fainter ones. This results
in a disproportionate sample of the most bright sources than would be found in a volume
limited survey. A solution is to weight each object in inverse proportion to its maximum
observable volume, 1/Vmax, which is easily determined using a distance estimate and the
observed magnitude of the object. In a survey which has selected samples based on both
colour and magnitude, over a range of redshifts, this is more complex, as a given object
will have different colours at different redshifts due to the observers frame measuring
different rest frame flux. A further complexity comes from the fact that the object will
have different colours and magnitudes as a function of redshift due to it having a different
age, so one must also account for evolution within the observable volume.
The 1/Vmax correction was determined here using a grid of observer-frame magni-
tudes of LRG models as a function of both age and redshift. Using this grid, one can
track a galaxy’s magnitudes as a function of age from its current age and redshift to an
arbitrary age and redshift, both towards the present day or towards the earlier universe.
This allows the determination of the exact redshifts that a galaxy would enter and leave
the survey’s selection criteria, zmin and zmax respectively, or the sample’s redshift limit.
The observable volume is then the volume enclosed by the survey’s area, zmin and zmax.
The distribution of Vmax for all galaxies in our sample can be seen in Figure 4.9. The
breadth and complexity of this distribution is due to the fact that the observable volume
depends on both the colour and magnitude evolution of the galaxies. Spikes in the distri-
bution are due to galaxies being either observable over a limited portion of the survey due
to being close to the selection boundaries (e.g. the faintest galaxies at the low redshift end
of the distribution will be too faint to be observed at much higher redshifts, and close to
the minimum redshift of the sample, giving them a small observable volume. Conversely,
bright galaxies which are far from the selection boundaries might be observable over the
full redshift range of the sample, thus being given the maximal volume available).
Also used was a targeting completeness correction, denoted w hereafter, which ac-
counts for not every target being observed due to technicalities of fiber placement and
other observational constraints. This is determined for every galaxy by placing it in a
space of observed r-i versus i-z versus zmodelmag, and then defining a volume from the 20
nearest neighbours in this space which were observed by the survey. The completeness of
the observations can then be determined by dividing the number of observed galaxies in
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Figure 4.9: The distribution of the galaxies observable volumes for our LRGs. These are
used to account for Malmquist bias in our sample.
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Figure 4.10: The distribution of weights (w) applied to the AUS sample to account for
incompleteness in the targeting of galaxies.
this volume (20) by the number of target galaxies, and the weight ”w” is then the inverse
of this completeness, which then corrects for survey completeness as a function of both
colour and magnitude.
The distribution of these weights is shown in Figure 4.10. The distribution peaks at
two, showing that the majority of the AUS LRGs are within a well sampled area of the
parameter space. Few galaxies have a weight of over ≥4, which means that the final
statistics are not dominated by galaxies which are strongly up-weighted, which could
subject the results to noise.
4.3.3 Errors
Errors were calculated for the SMF using both the intrinsic errors on the masses of the
galaxies from the SED fitting, and the Poisson statistical error from the number counts.
The error contribution from the stellar masses is determined by using the probabil-
ity distribution function (PDF) for the galaxies’ masses derived from the χ2 values of
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the template normalisation, which is provided by the HyperZ (Bolzonella et al., 2000)
fitting routine. The mass for each galaxy was randomly selected according to its mass
PDF, and the mass function bin values calculated. Each galaxy’s mass was simulated
1000 times in this way, and the mass function was determined each time using the same
binning as was used to calculate the final mass function. These bin values are then used
to calculate a variance of each bin’s number density as a function of the stellar mass
probability of the galaxies, which was then assigned as the error on the bin values due to
the mass uncertainties.
The statistical errors were determined using the same methodology as Zhu et al.
(2009), whereby the number densities in each bin, φ(M), determined using;
φ(M) =
∑ w
Vmax
, (4.15)
are transformed into effective number counts, Neff by dividing the usual sum over the
objects by an effective weight,Weff , given by Equations 5 and 6 from Zhu et al. (2009),
which we have multiplied through by our completeness correction weighting w to ac-
count for the fact we have multiplied the 1/Vmax by this factor to give:
Weff =
(∑ w2
V 2max
)
upslope
(∑ w
Vmax
)
(4.16)
Neff =
(∑ w
Vmax
)
upslopeWeff (4.17)
These effective number counts are then used in Equations 7 and 12 from Gehrels
(2008) to calculate upper and lower limits, φ+ and φ− respectively, for a confidence error
equivalent one-sigma Gaussian error;
φ+ = Neff +
√
Neff +
3
4
+ 1, (4.18)
and
φ− = Neff
(
1−
1
9Neff
−
1
3
√
Neff
)3
. (4.19)
These limits can then be multiplied by Weff to transform them back into volume and
completeness weighted number counts, and added in quadrature with the M∗ errors to
give total errors for each mass bin.
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4.3.4 Completeness of the sample
Completeness of our sample was estimated using the same method as Pozzetti et al.
(2010). Each galaxy’s stellar mass was scaled in proportion with the flux difference
between the galaxy’s apparent z-band magnitude and the sample’s z-band magnitude
limit, zlim in order to make it equal to the stellar mass that the galaxy would have if it
were at the limiting magnitude, M∗lim, i.e.,
log(M∗lim) = log(M∗) + 0.4(z − zlim) (4.20)
The completeness as a function of mass, C(M∗), is then the ratio,
C(M∗) =
Nobs(M ≤M∗)
Nlim(M ≤M∗)
, (4.21)
where N(M ≤ M∗) is the total number of objects with a stellar mass less than M∗
and Nlim(M ≤ M∗) is the total number of objects with M∗lim less than M∗. Figure
4.11 shows this completeness estimate as a function of stellar mass, and the stellar mass
corresponding to the 95% completeness level is found to be Log(M∗/M⊙) = 11.66,
showing that the survey is complete at the highest masses.
4.3.5 The Stellar Mass Function
The SMF itself was calculated for the survey by summing the w/Vmax of all objects
within a mass bin. The result is shown in Figures 4.12 and 4.13. Figure 4.12 shows the
SMF of the AUS survey using the 20kpc aperture photometry, and Figure 4.13 shows
the SMF when the masses are scaled according to Equation 4.3.1, showing the effect of
including the mass missed in this aperture relative to the SDSS model photometry.
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Figure 4.11: Completeness as a function of mass for the AUS survey. This is determined
empirically by scaling the stellar masses such that they are equal to what they would
be if the galaxy’s z-band apparent magnitude was equal to that of the survey’s z-band
magnitude limit. Completeness is estimated from this by comparing the total number of
galaxies with an observed mass less than the value on the horizontal axis to that of the
total number of galaxies with a scaled mass less than the value on the horizontal axis. A
completeness of 95% is shown with the horizontal line, and the corresponding mass of
Log(M∗/M⊙) = 11.66 shown with the vertical line.
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Figure 4.12: The SMF from the AUS survey, shown in red, using the 20kpc aperture
magnitude based stellar mass estimates. Also shown is the Maraston et al (2013) SMF,
shown as a blue area corresponding to the mass function and the associated errors on
their measurement. The discrepancy between the two stellar mass functions is due to the
different magnitudes used for the two measurements.
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Figure 4.13: The AUS stellar mass function, shown here in red, using masses which have
been scaled according to Equation 4.14. In blue BOSS CMASS SMF from Maraston
et al. (2013). The mass functions are consistent down to the completeness limit of the
survey at Log(M∗/M⊙) = 11.66.
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As can be seen in Figure 4.13 there is strong agreement between our AUS SMF and
that from the BOSS CMASS SMF from (Maraston et al., 2013). Such an agreement is
evidence that there is little evolution in the number density of the most massive galaxies
from the present day through to ∼1, as has been found by numerous authors previously
(Cole et al, 2001; Fontana et al., 2006; Li & White, 2007; Muzzin et al., 2013; Maraston
et al., 2013). This is in contrast with the strong evolution present in many galaxy for-
mation models, as a dark matter dominated universe is expected to assemble structures
hierarchically, therefore the most massive galaxies are formed at late times. A compar-
ison of the SMF and its evolution relative to those from simulated galaxy populations
from semi-analytic modelling is given in Chapter 5.
4.4 Conclusions
Measurement of the Stellar Mass Function (SMF) of galaxies is a powerful tool in detect-
ing evolution of the galaxy population. With a statistically complete sample of a galaxy
population down to a given stellar mass, it is possible to calculate a statistically com-
plete SMF down to this mass. Comparison of the shape of this SMF to that of a similar
sample at a different redshift interval allows the evolution of galaxies over this redshift
interval to be calculated, in order to determine whether these galaxies are forming stars,
merging or simply passively evolving. For this purpose, we calculate here a SMF for
the the AAomega UKIDSS SDSS (AUS) survey. This is a 145.416 deg2 area survey of
Luminous Red Galaxies (LRGs) within Stripe 82 from redshift z∼0.5 to z∼1.
Using SDSS stripe 82 profiles in conjunction with UKIDSS aperture magnitudes,
matched photometry was created for the LRG sample of the AUS survey. This forms a
complete sample of the most massive galaxies in the universe at this redshift range, down
to a stellar mass of Log(M∗/M⊙) = 11.66. Stellar masses were calculated via SED
fitting using the optical+NIR photometry and the Maraston et al (2009) LRG model,
giving stellar masses within a 20kpc radius aperture. We scale this stellar mass according
to the mean difference between the magnitude in this 20kpc aperture and that of the SDSS
model photometry in order to give a total stellar mass. We find that the resulting SMF
is consistent with that of the highest redshift galaxies in the BOSS CMASS sample at
redshift z=0.6 to z=0.7. This is more evidence for the most massive galaxies evolving
passively from this redshift to the present day.
Chapter 5
Evolution of the Stellar Mass Function
Abstract: We now combine the AUS sample from Chapter 4 with the observed BOSS
SMFs of Maraston et al. (2013) and compare these observed SMFs with those from the
semi analytical modelling of Henriques et al. (2013) to test galaxy evolution theories.
This allows us to assess the level at which they are capable of producing the passively
evolving population of massive galaxies we see. We find that the most massive galaxies
in the simulations are not sufficiently massive to agree with the observed galaxy popula-
tion at this redshift range. Indeed, the discrepancy between the simulations and the BOSS
and AUS surveys increases with redshift. At redshift z≃0.6–0.7 the difference between the
most massive galaxies in the simulations and those observed being log(∆M/M⊙) ≃0.2,
which increases to log(∆M/M⊙) ≃0.25 at z≃0.7–1, which is evidence that the simu-
lations are failing to either form, or assemble, the mass quickly enough to agree with
observations.
5.1 The BOSS Sample: The Galaxy Stellar Mass Func-
tion from 0.45≤z≤0.7
5.1.1 Data
BOSS is a large area survey over an unprecedented volume of the Universe. The survey
Utilises the 14,555 deg2 of SDSS optical imaging to target a sample of massive galaxies,
with a constant density of 3x10−4h−1Mpc galaxies from redshift z∼0.15 to z∼0.7, de-
creasing to zero by redshift ∼0.8. This is achieved with two galaxy samples, LOWZ and
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CMASS (Dawson et al., 2013). The LOWZ sample covers galaxies from redshift z∼0.15
to z∼0.43 and the CMASS sample was selected with a constant stellar mass from red-
shift z∼0.4 to z∼0.7. This was obtained via extensive colour and magnitude cuts, derived
from the galaxy evolution tracks of Maraston et al. (2009, M09). The LOWZ sample was
not used in this work as we are studying the evolution of the galaxies from the AUS sur-
vey down to lower redshift, and LOWZ sample is aimed at the lower redshifts. We use the
CMASS sample, which is defined by the following colour and magnitude criteria:
d⊥ = (rmodel − imodel)−
(gmodel − rmodel)
8
, (5.1)
d⊥ > 0.55, (5.2)
imodel < 19.86 + 1.6(d⊥ − 0.8), (5.3)
17.5 < icmodel < 19.9, (5.4)
rmodel − imodel < 2, (5.5)
ifiber2mag < 21.5, (5.6)
ipsf − imodel > 0.2 + 0.2(20.0− imodel), (5.7)
zpsf − zmodel > 9.125− 0.46zmodel. (5.8)
All magnitudes are taken from the SDSS DR9 reduction of SDSS imaging and the type
of magnitude is indicated in each band’s subscript. Model magnitudes are the best fit psf-
convolved radial profile model (either deVaucouleurs or Exponential, depending which
is the better fit to the profile) integrated to a large radius in order to capture a total mag-
nitude. The cmodel magnitudes are the same as model magnitudes, except the profiles
are fit to a psf-convolved linear combination of both deVaucouleurs and Exponential pro-
files. The model photometry is a better measure of colour than the cmodel, as the best
fit model in the r band (chosen for its deeper photometry) is applied to the other bands
after being renormalised and convolved to the bands PSF, giving consistent measures of
colours. For this reason, model photometry is used for colours in the target selection,
and cmodel is used for magnitudes as it is fitted to the objects’ radial profile in any given
band and therefore a more accurate measure of total flux.
The cuts are designed with specific purposes. Equation 5.2 serves to isolate high red-
shift objects. Equation 5.3 is a colour dependant magnitude cut designed to select the
brightest (and therefore most massive) galaxies at each redshift. Equation 5.4 defines the
bright and faint limits of the sample, with Equation 5.5 eliminating large outliers through
their colour. Equation 5.6 is to ensure that sufficient signal to noise is achieved within an
exposure, and Equations 5.7 and 5.8 are designed for star-galaxy separation.
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The largest difference between the galaxies selected by the CMASS and AUS criteria
is that the CMASS criteria allow for the inclusion of bluer galaxies than those in the AUS
survey. In the downsizing scenario, if the highest mass galaxies are evolving passively by
this epoch, then going down the mass function, galaxies will have undergone star forma-
tion more recently. The inclusion of these bluer galaxies into the colour selection criteria
should result in a survey complete down to a lower stellar mass, so the CMASS sample
may be more complete down to a lower stellar mass than for the AUS survey.
We use here data from the CMASS sample from SDSS-III Collaboration (2012,
DR10) within the stripe 82 area. This was decided as it is the same area of sky as analysed
for the AUS sample, and a comparison between this subsample and the full survey area’s
SMF from Maraston et al. (2013) will indicate whether this area of the sky is typical of
the Universe. Also, it is a smaller sample which therefore allows faster computation of
masses, photometry, volumes etc.
The area sampled by the CMASS galaxies in stripe 82 was approximated using the
random catalogue of SDSS-III Collaboration (2014) subsampled to just the stripe 82 area.
The random catalogue consists of data points placed within the full survey’s masked area,
with the probability of a point landing on any area given by the survey’s completeness
at each location. Areas around bright objects are removed, in addition to a masked area
around each observed object to account for fiber collisions. The stripe 82 survey area was
determined by finding the fraction of these random data points that fall within the stripe
82 coordinates, and then applying that fraction to the total survey area, giving an area of
199.8 deg2.
Stellar masses are taken from the SDSS DR10 photometric stellar mass catalogue.
This comes from the fitting of M09 LRG templates to the photometric data from the
SDSS model photometry. This was calculated using the same cosmology as for the AUS
stellar mass calculations, and also utilised the HYPERZ fitting routine for calculating ages
and stellar masses for the galaxies; allowing all fitting parameters to be identical to those
used when calculating the AUS masses.
5.1.2 Stellar Mass Functions
In Figure 5.1 we show our derived BOSS CMASS SMF for the stripe 82 area. The fact
that the SMF of the galaxies within the smaller area is consistent with the results of the
whole SMF from the 3275 deg2 area surveyed by the DR9 release of BOSS data is ev-
idence that this is typical of that of the full sky. In Figure 5.2 the samples are divided
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into redshift bins and show little evolution over this redshift range, as shown for the AUS
survey in Chapter 4. There is a small discrepancy at the lowest redshift bin, possibly
caused by sample variance, or even a simple calculation error, which we do not explore
here as the discrepancy between these samples is smaller than the discrepancy between
the galaxy SMF, and that of simulated galaxy populations, as discussed in later sections.
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Figure 5.1: The SMF of the CMASS stripe 82 sample shown here in green, with the
Maraston et al. (2013) SMF for the whole BOSS area (blue). At the high mass end,
there is good agreement, showing the validity of using the stripe 82 area to test galaxy
evolution as a whole. Deviations at lower masses are due to the different methods used
to compute the SMF. The Maraston et al. (2013) study used a lightcone-based method,
whereas we weight each galaxy by 1/Vmax
.
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Figure 5.2: The two SMFs shown in Figure 5.1 divided into redshift intervals. The
blue points are the SMF from the Maraston et al. (2013) for the full CMASS sample,
whereas the green points use the 1/Vmax method described in this thesis. These show
good agreement, due to the fact that these are equivalent methods.
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5.2 The AUS Sample: The Galaxy StellarMass Function
from 0.6≤z≤1
5.2.1 Data
The AAOmega UKIDSS SDSS (AUS) survey is a redshift survey containing 5500 LRGs
over 145.416 deg2 of equatorial sky from redshift z∼0.5 to z∼1.2. The sample is de-
scribed in detail in Chapter 4.2.3. To briefly summarise, we found a SMF of massive,
passively evolving galaxies out to redshift z∼1 which is consistent with the mass func-
tion at z=0.7 from Maraston et al. (2013), which presents a challenge for models of
hierarchical structure formation.
5.2.2 Stellar Mass Functions
The AUS stellar mass catalogue was created using matched optical and NIR photometry
from SDSS stripe 82 coadd and UKIDSS LAS radial profiles via the technique outlined
in Chapter 2. The photometry was fit to a Maraston et al. (2009, M09) LRG template,
which assumes a star formation history consisting of two instantaneous bursts, one of
which has solar metallicity, and makes up 97% of the galaxy’s mass, and the final 3% is
at 0.05 solar metallicity. This was created as a best fit population for the 2SLAQ LRGs
at redshift 0.45≤z≤0.8 (Cannon et al., 2006), and is therefore an appropriate template
for usage for AUS. The normalisation of the best fit M09 model to the data was used an
estimate of the stellar mass of each galaxy.
The SMF calculation is described in detail in Section 4.3. To summarise, the mini-
mum and maximum redshift (zmin and zmax) at which each AUS galaxy still meets the
survey’s selection criteria was determined by taking the M09 model of the same age and
redshift as the galaxy, and evolving it in redshift in order to determine the colours and
magnitudes each galaxy would have as a function of redshift. zmin and zmax are then the
lowest and highest redshift at which the galaxy would still be selected by the survey. The
maximum observable volume, Vmax, for each object is then the volume enclosed by zmin,
zmax and the surveys area. This was then multiplied by a weight to account for targeting
incompleteness, and for all objects within a mass bin the 1/Vmax for all galaxies summed
to give a volume-corrected SMF.
The AUS SMF can be seen in Figure 5.3 along with the Maraston et al. (2013) SMF,
split into the same redshift bins. The consistency of the two surveys is clearly shown,
with the AUS and CMASS samples (described previously) measuring the same number
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density of massive galaxies above M∗lim in their overlap redshift range to within 0.2σ.
The higher redshift sample is provided by AUS. The following Section outlines a simu-
lated galaxy population used to test the ability of galaxy formation models to reproduce
these SMFs.
5.3 Simulated Stellar Mass Functions
In this section, we discuss the creation of simulated SMFs to compare to the data dis-
cussed in the previous section.
The simulation of SMFs allows insight into the impact of physical processes on the
evolution of galaxies. Typically, this is done using the semi-analytical modelling tech-
nique, where a set of parametrised, and physically based, equations are used to control
the processes being modelled. These are then applied to the merger trees of a dark mat-
ter simulation, which allows the non-linear assembly of structures in the Universe to be
explored fully as well as the baryon physics.
Placing galaxies within the dark matter haloes from the N-body simulations results
in a galaxy evolution model. These models have free parameters which can be tuned to
provide a realistic galaxy population. In the semi-analytical approach, this is done to an
existing dark matter merger tree as the dark matter only simulations show the behaviour
of the majority of the mass, and instead the computation time can be used to simulate the
galaxy processes exclusively. Comparisons of the galaxy populations from the simula-
tions with those observed in the real Universe is therefore a method of constraining the
effect of the processes being modelled, or the intricacies of how these are modelled.
The simulations used in this thesis are from Henriques et al. (2013). These are semi
analytical galaxy evolution models which originate from the Munich galaxy formation
model (Kitzbichler & White, 2007; Guo & White, 2009; Guo et al, 2009). This includes
modelling of many physical processes such as star formation, cooling, and feedback. The
subject of feedback has been cited as being key for reconciling the relative numbers of
high and low mass galaxies, with the feedback from supernovae thought to influence the
rates of star formation, and the general stability, of low mass galaxies due to their rela-
tively low escape velocity for gas. Also modelled is the growth of black holes through
accretion and merging, and the effect of the radiation from AGN on galaxies’ ISM, which
is used as a mechanism for the quenching of star formation in the most massive galaxies.
The simulation of Henriques et al. (2013) differs from its predecessors via a reformulated
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Figure 5.3: The AUS SMF compared with the results from BOSS. The blue data are
the BOSS SMFs from Maraston et al. (2013) and the red points are SMF using the opti-
cal+NIR SED fit stellar masses for LRGs from the AUS survey. The top two panels are
redshifts 0.45 to 0.55 and 0.5 to 0.6, and the bottom panels redshifts 0.6 to 0.7 and 0.7 to
1. The same number density of galaxies at the high mass end is already in place in the
AUS survey, illustrating that these galaxies have already assembled most of their stellar
mass.
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calculation of the mechanism for the reincorporation of ejected gas which is inversely
proportional to halo mass and redshift independent, whereas previous generations of the
Munich simulations ejected gas into an external reservoir, where the timescale for rein-
corporation was dependant on the redshift.
These prescriptions are applied to the dark matter distributions from the Millennium
simulation, which traces the evolution of dark matter haloes for a cube of 500h−1Mpc per
side of a ΛCDM WMAP-I (H0 = 73km s
−1 Mpc−1, Ωm=0.25, ΩΛ=0.75) Universe. This
provides a dark matter halo distribution which is complete down to a low mass subhalo
limit of 1.7 × 1010h−1M⊙.
5.3.1 Modelling Galaxies
We describe here the details of gas and how it is converted to galaxies in dark matter
haloes. Dark matter haloes are assumed to contain hot gas after collapse which is depen-
dant upon the halo mass. This gas is then followed through various phases via analytical
processes to simulate the effects of star formation and cooling. Gas which is sufficiently
cool can go on to form stars, which is inhibited by feedback processes (either from Type-
II supernovae or AGN) which reheat the gas and either prevent it from forming stars, or
eject it into an external reservoir.
The properties of the stellar populations created from the gas were obtained in H13 by
using stellar population models. Individual bursts are created using a simple stellar pop-
ulation, with a weight given by the burst’s contribution to the galaxy’s total stellar mass.
The models used in Henriques et al. (2013) are those from Maraston (2005), which is
significant as the choice of stellar population model affects the SED of each galaxy, and
consistency between the model galaxy processes, and those fit to the real data, is neces-
sary in order to avoid offsets between derived galaxy properties (see Pforr et al. 2012).
Clearly, modelling all the processes described above requires many parameters. In
Henriques et al. (2013) eleven parameters are available, all of which need to be con-
strained using observational data. To achieve this, Henriques et al. (2013) used anMCMC
method to optimise the parameter space exploration in order to minimise differences be-
tween the properties of the simulated galaxy population and those of real data. The
K–band luminosity function of the simulation was compared to a combined data set from
Jones et al. (2006); Bell et al (2003); Cole et al (2001); Pozzetti et al. (2003); Cira-
suolo et al. (2010); Drory et al. (2003); Caputi et al. (2006); Saracco et al. (2006), giving
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Figure 5.4: The rest frame B-band luminosity function from the Henriques et al. (2012)
simulations compared to those from several surveys, as indicated in each panel, from
redshift z∼0 to 3.5. This shows the ability of the simulations to reproduce the evolution
in the luminosity function when simultaneously fitted to the data out to redshift z∼2,
after which time the number of massive galaxies is underestimated. Source: Figure 4
from Henriques et al. (2012)
K–band luminosity functions for redshifts z∼0, 1, 2 and 3. This was repeated with a
combined data set for the B–band luminosity function, in the same redshift bins, taken
from Jones et al. (2006); Norberg et al. (2002); Zucca et al. (2009); Ilbert et al. (2005);
Giallongo et al. (2005); Willmer et al. (2006); Poli et al. (2003); Marchesini et al. (2007);
Salimbeni et al. (2008). Similarly, observed SMFs, over the same redshift range, were
used to further constrain the simulation parameters. These came from Li &White (2007);
Baldry et al. (2008); Pe´rez-Gonza´lez et al. (2008); Pozzetti et al. (2010); Fontana et al.
(2006); Ilbert et al. (2010); Domı´nguez Sa´nchez et al. (2011); Marchesini et al. (2009,
2010).
Simultaneously fitting the simulation’smass and luminosity functions to these datasets
in broad redshift bins allows the parameter space for the models to be constrained to pro-
duce a set of physically realistic simulations which can be used to test galaxy evolution.
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5.3.2 Tailoring Simulations to Galaxy Surveys
As the models are based upon the Millennium dark matter simulation, they are of suffi-
cient volume to constrain the number density of the most massive galaxies in the Uni-
verse at high redshift. In order to produce more realistic constraints to the observations,
the simulation was “surveyed” by using equivalent lightcones, colour and magnitude cuts
to produce a galaxy population equivalent to those in real surveys used in this thesis. This
ensures the results of the simulation can be directly compared to the results of real sur-
veys.
The simulation was tailored to reproduce the light cone and selection criteria of the
AUS and CMASS surveys separately. To achieve this (for a given survey), the full sky
light cone of the Millennium simulation was divided into multiple light cones of equal
angular area to that of the survey. The light from the galaxies within these light cones
was then converted to Observer-frame AB magnitudes. The colour and magnitude cuts
of a survey’s sample selection can then be applied to the simulated galaxies in order to
produce a simulated galaxy population equivalent to that of the real survey.
To tailor the Henriques et al. (2013) simulation to the CMASS galaxies, the simula-
tion was cut into light cones of 3275 deg2, and the CMASS constraints from Equations
5.2 to 5.8 were applied to the galaxy populations in these light cones (carried out by B.
Henriques). The SMF of this simulated survey, calculated and provided by B. Henriques
(private communication), was then calculated using the same methodology as described
herein, and is shown in Figure 5.5 for the redshift ranges 0.45≤z≤0.55, 0.5≤z≤0.6 and
0.6≤0.7. The simulation was also cut into light cones of 145.416 deg2 and the AUS
sample constraints from Section 4.2.3 were applied to the galaxy population to give a
simulated galaxy population equivalent to those surveyed by AUS. The SMFs of this
simulated galaxy population was provided by B. Henriques (private communication) and
can be seen in Figure 5.5 for the redshift range 0.7≤z≤1.2. The black line in this panel
shows the SMF of full galaxy population from the simulation, and the purple line shows
the SMF when the AUS survey’s colour and magnitude criteria are applied, demonstrat-
ing the survey’s ability to sample massive galaxies as the two lines give equivalent num-
ber densities for the most massive galaxies. As can be seen the number densities of the
most massive galaxies in these simulations shows mild evolution with redshift, which we
now compare with those of the real galaxies in the CMASS and AUS surveys.
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Figure 5.5: The SMFs from the Henriques et al. (2013), which use the Munich galaxy
evolution model (Kitzbichler & White, 2007; Guo & White, 2009; Guo et al, 2009)
with both the Millennium simulation, where the galaxy populations have been tailored
to match those in the BOSS CMASS sample (upper row and lower left panel) and the
AUS sample (bottom right), where the two lines in the lower right panel reflect the full
simulation’s SMF within a light cone equivalent to that of the AUS survey, and the purple
line shows the simulation’s SMF when the AUS samples’ colour and magnitude cuts are
applied.
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5.4 Comparison of StellarMass Functions and Constraints
on the Evolution of the Most Massive Galaxies
In Figure 5.6, we provide a comparison of our SMF with the BOSS and AUS surveys
with tailored simulations described in Section 5.3. It is clear that the observed stellar
population is consistent with being constant across all redshifts studied here. This is con-
sistent with the findings of Maraston et al. (2013), who find a passively evolving stellar
population at the high mass end from redshift z∼0.6 to the present day. Our AUS survey
extends this conclusion to redshift z∼1 to new levels of precision, meaning that the most
massive galaxies in the Universe have already formed their stars, and assembled by this
epoch, when the Universe was 6 Gyr old. A passively evolving mass function already
present at this epoch is at tension with predictions from hierarchical models of galaxy
formation, as shown in the Millennium simulations, as it is often cited that the merging
of galaxies will spark a phase of star formation, which is inconsistent with a passively
evolving population. It is also at tension with the results of hierarchical merging which
normally forms the most massive structures last. The one possibility for reconciling these
scenarios is that “dry mergers” (whereby the galaxies do not contain any gas, and there-
fore cannot create new stars) occur for the most massive galaxies, and that a period of
rapid star formation is finished abruptly at high redshift in order that the large stellar mass
is formed at these high redshifts and left to passively evolve to the present day.
As can be seen in Figures 5.5 and 5.6, the simulated galaxies do exhibit evolution
over the range of cosmic time probed by our AUS and BOSS observations (when the
Universe ages from 5.8Gyr at z=0.6 to 8.8 Gyr old at z=1), as the models show a de-
crease in the number of massive galaxies at the high mass end (at high redshift) rela-
tive to the observed SMFs. At low redshift, there appears to be an excess of massive
galaxies. Indeed, the masses of the most massive galaxies in the simulation grow from
log(M/M⊙) = 11.9 at z∼1 to log(M/M⊙) = 12.2 at z∼0.45, demonstrative of either
star formation still occurring in these galaxies or merging activity with smaller galaxies.
This causes a discrepancy between the most massive galaxies in the simulation and those
observed to be ∼ 0.25log(M⊙) at redshift z∼0.7–1, which decreases to ∼ 0.20log(M⊙)
at redshift z∼0.6–0.7, demonstrative of galaxy assembly at this redshift still occurring in
the simulations. This discrepancy is more stark when the simulated SMF is compared to
the present day galaxy population from Li & White (2007), as done by Maraston et al.
(2013), by which time the high mass end of the mass function dwarfs that of the observed
population.
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Figure 5.6: A comparison of the observed SMFs with tailored simulations based on Hen-
riques et al. (2013). The simulated SMFs are shown in black and purple, with the black
line corresponding to the mean stellar mass within the AUS (highest redshift panel) vol-
ume, and the purple lines showing the SMF when the CMASS colour and magnitude cuts
(upper panels and lower left panel) or AUS (lower right panel) are applied to the simu-
lation. The blue points show the Maraston et al. (2013) SMF for the full BOSS survey,
while the green points show the analysis carried out in this thesis for the BOSS survey
within stripe 82. The red points show the SMF for the AUS survey.
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In Figure 5.7 we show the evolution of the number of galaxies of masses of ∼11.66
log(M∗/M⊙) as a function of redshift. The steeper slope of the simulated galaxies’ num-
ber densities as a function of redshift shows the larger amount of evolution over this
redshift range than is found in the data, which has a shallower slope. The difference
between the simulations and the observed data increases with redshift due to this slope
difference, meaning that the simulated galaxies are still growing in mass with cosmic
time at a larger rate than is found for the galaxies from the survey data.
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Figure 5.7: The number of galaxies of masses of ∼11.66 log(M∗/M⊙) as a function of
redshift. The simulations are shown with the black lines, the CMASS data fromMaraston
et al (2013) is shown in blue and the AUS data is shown in red. The steeper slope of the
simulations is evident, as is the fact that the discrepancy between the simulations and the
data increases with redshift.
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Reconciling the simulations over the full observed redshift range is a challenge, as the
simulations need to form and assemble the mass more rapidly at high redshifts than they
do currently, such that the most massive galaxies in the Universe are already formed by
z∼1 and then evolve passively through to the present day. This is a challenge both to the
models of galaxy formation and for the cosmological model, as the hierarchical model of
structure formation emerges from simulating a CDM Universe. A CDM dominated mat-
ter sector is required in order that the ΛCDM cosmological model is consistent with the
cosmological data to high precision (Planck Collaboration, 2011). However, recent sim-
ulations have shown that a Warm Dark Matter (WDM) model can produce the same large
scale behaviour as CDM, but suppress the number of small haloes (Lovell et al, 2014) as
there is a minimum halo size associated with these more energetic dark matter particles.
This could potentially reduce the rate at which the massive galaxies in simulations accu-
mulate mass through mergers. Alternatively, there may simply be effects from feedback
processes that require higher resolution to model accurately such as a strongly beamed
AGN jet (Dubois et al., 2003). Alternatively, there may still be physical processes not yet
incorporated into the models which have a profound effect on the evolution of massive
galaxies.
5.5 Conclusion
Comparison of observed SMFs to those produced by galaxy formationmodels is a method
of testing the ability of the models to reproduce the evolution displayed by the real galaxy
population. This is therefore a test of the physics included within the models, with the
level of agreement between the simulation and the real galaxy SMF being indicative
of whether the modelling has incorporated all the processes responsible for shaping the
galaxies found in the real universe. In order to test the galaxies from the state of the art
semi analytical models of Henriques et al. (2013) (H13 hereafter), we compare SMFs of
the H13 simulated galaxy population to those of the AUS and BOSS surveys. The H13
galaxies were tailored via the application of both the AUS and BOSS colour and magni-
tude cuts, and SMFs calculated within lightcones of the same area as the surveys in order
to compare equal volumes, allowing a direct comparison with these surveys.
Our findings extend the conclusions of Maraston et al. (2013) to higher redshift. They
study the SMF in the full BOSS survey, and find that the most massive galaxies in the
simulations are not sufficiently massive to agree with the observed galaxy population out
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to redshift z∼0.7. By extending this analysis to redshift z∼1, we find that the discrep-
ancy is larger at higher redshift, with the difference between the most massive galaxies
in the simulations and those observed being log(∆M/M⊙) ≃0.2 at z≃0.6–0.7, whereas
going beyond this to the range z≃0.7–1 the difference is log(∆M/M⊙) ≃0.25, which
demonstrates that the simulations are failing to either form, or assemble, the mass quickly
enough. Instead, the simulations continue to assemble mass through to low redshift at a
higher rate than is seen in the galaxy SMF. These discrepancies may indicate that the
physics of the simulations is not fully accounting for the real processes in the Universe.
Clearly semi analytical galaxy simulations need to be modified in order to reproduce
the observations, before being further challenged by upcoming spectroscopic surveys of
galaxies at redshifts as high as z=2 eg. eBoss, DESI.
Chapter 6
Conclusions
In this thesis, we present a comparison of the evolution of the massive galaxies in the
7.8Gyr since redshift z=1 with those from galaxy formation models. A passively evolv-
ing mass function already present at high redshift is at tension with predictions from hier-
archical models of galaxy formation, as shown in the Millennium simulations of Springel
et al. (2005). The hierarchical model is a bottom-up model of structure formation, with
the most massive structures in the universe forming last through mergers of smaller struc-
tures. With galaxies residing in these haloes, it is thought that the merging of the galaxies
will spark phase of star formation, which is inconsistent with a passively evolving popu-
lation. The one possibility for reconciling these scenarios is that “dry mergers” occur for
the most massive galaxies, and that a period of rapid star formation is finished abruptly
at high redshift via quenching mechanisms in order that the large stellar mass is formed
at these high redshifts and left to passively evolve to the present day. We test with greater
precision than previous efforts the ability of state of the art semi analytical models of
galaxy formation containing these ingredients to predict observations to produce realistic
galaxy populations at redshift z=1.
Observing the most massive galaxies in the Universe at high redshift is challenging
due to their red colours, owing to both their intrinsically red spectral energy distributions
and their redshift. In Chapter 2, we produce a method using catalogue-level data to derive
matched aperture photometry for the SDSS and UKIDSS surveys in order to extend the
wavelength coverage of a sample of galaxies. This dataset will then improve the precision
of model fits to photometric data for these high redshift galaxies, in order to produce
more accurate constraints on physical properties. Our final algorithm is presented in
Figure 2.3. As can be seen from Figures 2.10 and 2.11, the matched photometry has
consistent colours with those of the full processing of SDSS+UKIDSS images performed
by the GAMA survey, and produces magnitudes within ∼0.1 magnitudes of the GAMA
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photometry for all galaxies, which is reduced to as within 0.04 magnitudes when blended
sources are excluded. We compute stellar masses by fitting a Maraston et al. (2009) LRG
model to the derived photometry and find that our photometry’s best fit stellar masses
show a zero offset and a scatter of around∼0.2 dex to that which comes from the GAMA
photometry. This shows that the method is consistent with that of a full processing,
and that it is possible to quickly compute matched photometry for large area surveys of
complimentary wavelength coverage, which is of vital importance for upcoming surveys
eg. DES, VISTA, EUCLID etc.
Fitting Stellar Population Models to galaxy photometry is a widely used technique
in order to convert from observables (colours, magnitudes) to physical properties (mass,
absolute magnitude, age). In spite of their widespread use, the optical and Near Infrared
(NIR) properties of stellar population models are still subject to debate. The inclusion of
Thermally Pulsating-Asymptotic Giant Branch (TP-AGB) stars has profound effects on
the NIR flux of a stellar population, as these stars contribute to significant amounts of a
galaxy’s flux at ages at which this phase is energetically relevant, and radiate strongly in
the NIR. Two of the most commonly used models are those of M05 and BC03, which
can differ greatly in the NIR due to the M05 models’ inclusion of the TP-AGB phase, a
phase which was neglected in the BC03 models. We explore the ability of these models
to reproduce optical+NIR colours and properties of galaxies in Chapter 3.
We produce matched optical+NIR photometry for the subsample of the galaxies sur-
veyed by Zibetti et al. (2013) (Z13) which lie within the UKIDSS imaging area in an
attempt to reproduce the findings of Z13, who conclude that their optical and NIR spec-
troscopy is better fit by Stellar Population Models from Bruzual & Charlot (2003) than
similar models from Maraston et al (2005). In Figure 3.8 we compare the observed op-
tical+NIR Spectral Energy Distributions (SEDs) to those of BC03 and M05 models, as
well as the approximate Z13 NIR fluxes. Z13 found that M05 models fit only to the op-
tical data and extrapolated into the NIR displayed excess flux in the NIR relative to the
data, and that BC03 models are better at reproducing the data when this same process is
carried out. We show that our data is consistent with both sets of models, and on average
brighter in the NIR than that of Z13. We also compare the strength of spectral features
in the optical to rest frame optical and optical-NIR colours in Figure 3.10, and show that
our set of Composite Stellar Population (CSP) models agree well with data, with a prefer-
ence for the M05models, showing the validity of using these models on massive galaxies.
A measurement of the Stellar Mass Function (SMF) of galaxies is a powerful tool in
detecting evolution of the galaxy population. With a statistically complete sample of a
galaxy population down to a given stellar mass, it is possible to calculate a statistically
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complete SMF down to this mass. Comparison of the shape of this SMF to that of a
similar sample over a different redshift interval allows the evolution of galaxies over this
redshift interval to be constrained, in order to determine whether these galaxies are form-
ing stars, merging or simply passively evolving.
For this purpose, in Chapter 4 we compute matched SDSS+UKIDSS photometry for
the AAOmega UKIDSS SDSS (AUS) survey. This is a 145.416 deg2 area survey of
Luminous Red Galaxies (LRGs) within Stripe 82 from redshift z∼0.5 to z∼1. We fit
this photometry to a Maraston et al. (2009) Luminous Red Galaxy (LRG) template to
give stellar masses, and scale masses according to the magnitude difference between the
matched photometry and the SDSS model photometry in order to produce “total” stellar
masses. We also use the best fit template to determine the observable volume for each
galaxy in the survey, by evolving the template to calculate Observer-frame magnitudes
as a function of the galaxy’s redshift by applying the models’ colour changes with red-
shift to the galaxy’s colours. It is then possible to find the full redshift range over which
the galaxy would still be selected using the survey colour and magnitude criteria. The
galaxy’s observable volume is then the volume enclosed by this redshift range and the
survey’s area. We also correct for incompleteness of the sample introduced via the ob-
serving strategy, as not every target was observed. Using these calculations, we produce
a volume-weighted Stellar Mass Function (SMF) for the AUS survey, shown in Figure
5.3, where it can be seen that our SMF is consistent with the Maraston et al. (2013) SMF,
meaning that the most massive galaxies in the universe are evolving passively from z=1
to the present day, which is a challenge to hierarchical models of galaxy formation.
Comparison of observed SMFs to those produced by galaxy formation models is a
method of testing the ability of the models to reproduce the evolution displayed by the
real galaxy population. This is therefore a test of the physics included within the mod-
els, with the level of agreement between the simulation and the real galaxy SMF being
indicative of whether the modelling has incorporated all the processes in action in the
real universe. In order to test the ability of the state of the art semi analytical models of
Henriques et al. (2013), we compare SMFs of the H13 simulated galaxies to those of the
AUS and BOSS surveys in Chapter 5.
The H13 simulations are galaxy formation models applied to the Cold Dark Matter
merger trees from the Millennium simulation, meaning they are of sufficient volume to
accurately constrain the most massive galaxies. The galaxy populations in the simula-
tion were tailored to the BOSS and AUS surveys in order to increase the effectiveness
of a comparison via the application of both the AUS and BOSS colour and magnitude
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cuts, and SMFs calculated within lightcones of the same area as the surveys in order
to compare equivalent volumes. We extend the conclusions of Maraston et al. (2013),
namely that the most massive galaxies in the simulations are not sufficiently massive to
agree with the observed galaxy population at this redshift. By extending this analysis
to redshift z∼1, we find that the discrepancy is larger at higher redshift, with the dif-
ference between the most massive galaxies in the simulations and those observed being
log(∆M/M⊙) ≃0.2 at z≃0.6–0.7, whereas going beyond this to the range z≃0.7–1 the
difference is log(∆M/M⊙) ≃0.25, as can be seen in Figure 5.6. This demonstrates that
the simulations are failing to either form, or assemble, the mass quickly enough. Instead,
the simulations continue to assemble mass through to low redshift at a higher rate than is
seen in the galaxy SMF. These discrepancies may indicate that the physics of the simula-
tions is not fully accounting for the real processes in the Universe, and that we do not yet
have a model capable of reproducing the galaxy population in the real universe. Clearly
semi analytical galaxy simulations need to be modified in order to reproduce the obser-
vations, before being further challenged by upcoming spectroscopic surveys of galaxies
at redshifts as high as z=2 eg. eBOSS, DESI.
Looking forward, there are future surveys which may be able to make to the em-
pirical discovery of the epoch at which the most massive galaxies in the universe cease
star formation. There are deeper photometric surveys due to provide data within the
next decade, such as the Dark Energy Survey (DES) which will act as the successor to
the SDSS imaging with 5000 square degrees of southern sky in g, r, i, z and Y bands
to some 2 magnitudes deeper, making it better suited to high redshift studies. Compli-
menting this will be the Visible and Infrared Survey Telescope for Astronomy (VISTA)
telescope’s survey, which is the natural successor to UKIDSS in that it will provide NIR
imaging in the southern sky to compliment this DES imaging in the same way that was
used in this thesis for optical and NIR photometry via the SDSS and UKIDSS surveys,
only with the additional depth from DES allowing higher redshift galaxies to be probed.
There are also large spectroscopic surveys such as eBOSS which plan to observe large
numbers of galaxies beyond redshift 1, which should help to understand the evolution of
the most massive galaxies better at this time.
Should these surveys not prove to be sufficient to shed light on the evolution of the
most massive galaxies, then there are more ambitious projects scheduled for the more
distant future such as Euclid and LSST. Euclid is a space based mission to image 15000
deg2 of sky in Y,J and H bands to 24th magnitude in addition to slitless spectrograph to
take spectra of objects within this area. This will be complimented in the optical regime
by the Large Synoptic Survey Telescope (LSST) which will image some 30,000 deg2
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of sky to depths of up to 28.5 magnitudes via repeat scans of the full sky. These extra
depths will hopefully provide the precise observations of high redshift galaxies required
to observe the epoch when the massive, red galaxies we see in the z¡1 Universe ceased
their star formation, which when coupled with advances in computing capabilities (and
therefore more advanced galaxy modelling), could provide a complete model for how the
most massive galaxies came to be.
Appendix A
SED Fitting with Hyperz
Abstract:This Appendix gives an overview of the HyperZ fitting routine used throughout
this thesis in order to fit Stellar Population model temples to observed Spectral Energy
Distributions (SEDs) of galaxies in order to measure their physical properties.
The SED fitting in this thesis was carried out using the HyperZ (Bolzonella et al.,
2000) and HyperZspec (Bolzonella, private communication) codes. These are codes
which fit stellar population templates to the observed SEDs of galaxies in order to deduce
their likely properties (the difference between the codes being that HyperZ fits redshift
as a free parameter, whereas HyperZspec fits using the galaxy’s observed spectroscopic
redshift). In Figure A.1 we show the sequence of processes hyperz uses. We outline the
methods used to compute fluxes from survey magnitudes and templates shown in this
diagram, and then the χ2 method used to derive the best fit template in order to provide
the outputs shown at the bottom.
A.1 Flux Measurement
A.1.1 Observed Fluxes
Broad band magnitudes are supplied in a galaxy catalogue file. These are treated in the
following way in order to derive a flux value:
• Observed (apparent) magnitudes, magnitude errors are extracted from the cata-
logue file.
• These magnitudes are (if required) corrected for Galactic extinction.
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Figure A.1: A flow diagram showing the way in which HyperZ operates Source: Figure
6 from the HyperZ manual located at http://webast.ast.obs-mip.fr/hyperz/manual.html.
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• Survey limiting magnitudes are read in and rules applied regarding non detections
vs non-observations.
• These magnitudes are then converted into fluxes, denoted Fobs
A.1.2 Template Fluxes
In order to compute fluxes in the observed filters, bandpass fluxes from template spectra
are calculated using the following steps:
• Template SEDs are read in.
• Dust reddening is applied to each template’s SEDs using a user-specified dust law,
step size and range in reddening values.
• Lyman-α forest absorption is added to the SEDs using the model from Madau
(1995).
• In HyperZ, the template SEDs is then redshifted to every redshift allowed by the
fitting parameters of redshift range and step size. In HyperZspec, the template
SEDs are only redshifted to the galaxy’s spectroscopic redshift.
• The SEDs are then convolved with the survey’s filter curves to give a broad band
SED in the Observer-frame.
A.1.3 Filter Curves
Whilst a range of filter curves are provided within the HyperZ and HyperZspec packages,
here we use filter curves taken from the SDSS and UKIDSS websites in order to ensure
consistency with the SDSS and UKIDSS data used throughout this thesis. These filters
can be seen in Figure A.2, showing the optical ugriz filters from the SDSS data and the
NIR YJHK filters from UKIDSS data.
A.2 χ2 Fitting
The SED-fitting method within HyperZ and HyperZspec is based on χ2 minimisation.
This is where the χ2 statistic, given by;
χ2 = Σ
Nfilters
i=1
Fobs,i − b× Ftemp,i
σi
, (A.1)
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Figure A.2: The filter curves used with HyperZ and HyperZspec in this thesis.
where Fobs,i and Ftemp,i are the observed and template fluxes in a given band, i, sigmai
is the error on the observed flux in this band and b is a normalisation factor. The reduced
χ2, χ2ν is then given by;
χ2ν =
χ2
ν
, (A.2)
where ν is the number of degrees of freedom. χ2ν is then computed for each combination
of fitting parameters for all templates being used, and the combination of parameters
which yields the lowest χ2ν is then used as the best fit solution.
A.3 Fitting Parameters
In order to calculate the SEDs of the templates using the two codes described here, a
number of free parameters are available. The following is an explanation of each param-
eter, where redshift is only a free parameter within HyperZ and all that follow are free
parameters to both HyperZ and HyperZspec.
Redshift is a free parameter within HyperZ. The range of this parameter is defined in
the parameter file, as well as the step size. After the redshift corresponding to the min-
imum χ2 has been found, the redshift step size is reduced by a factor of 10 and a more
precise solution found.
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Figure A.3: The dust attenuation as a function of wavelength for the five models of
reddening available in HyperZ and HyperZspec. Source: Figure from the HyperZ manual
located at http://webast.ast.obs-mip.fr/hyperz/manual.html
Reddening is applied to templates using an attenuation law. The parameter file allows
the user to specify which of the following laws to apply: Allen (1976) (derived using the
Milky Way), Seaton (1979) fit by Fitzpatrick (1986) (Derived for the MW), Fitzpatrick
(1986) (determined for the Large Magellanic Cloud) , Prevot et al. (1984) and Bouchet
et al. (1985) (derived for the Small Magellanic Cloud), for Calzetti et al. (2000) (derived
for starburst galaxies). These reddening laws are shown in Figure A.3, where the at-
tenuation is displayed as a function of wavelength for each of the aforementioned five
models.
This is applied to the models with a step size, minimum and maximum value for
visual attenuation AV . This is then translated into a dust screen model using;
Fobserved(λ) = Femitted(λ)× 10
−0.4×Aλ, (A.3)
where Fobserved(λ) is the observed galaxy flux at wavelength λ, Femitted(λ) is the galaxy’s
emitted flux before reddening at wavelength λ and Aλ is given by;
Aλ = k(λ)× E(B − V ), (A.4)
E(B − V ) = AV /RV , (A.5)
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where E(B−V ) is the excess in the B−V colour, and RV is a model dependant pa-
rameter which takes values of 2.72, 3.1 and 4.05 for the Small Magellanic Cloud, Milky
Way and Large Magellanic Cloud, and Calzetti laws respectively.
Template ages have a maximum (applied via a constraint on galaxy not being older
than the universe at that redshift) and minimum age to be considered, defined via the
parameters.
Other free parameters such as Metallicity, IMF, star formation modes etc. are applied
at the template level, so to fit a range of metallicities and star formation modes to data,
then one must have templates which already incorporate these and the best fit template
will then reflect the best fit parameters.
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